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Speed Control of the 8ft x 8ft High-speed Wind 
Tunnel at the Royal Aircraft Establishment, 
Bedford 


By L. S. DRAKE, A.M.I.Mech.E., A.M.I.E.E., Ministry of Works ; J. A. FOX, Machine Control 
Engineering Department, The English Electric Company ; and G. H. A. GUNNELL, A.M.I.E.E., 
Special Engineering Section, The English Electric Company. 


The March 1958 issue of this Journal included an article on * Wind tunnel drives for the Royal 
Aircraft Establishment at Bedford’ which gave a general description of the four major wind tunnels 
completed and of their drives in the provision of which The English Electric Company took a leading 
part. The present article describes the electronic speed control installed by this Company 


for the composite drive of the 8 ft 


8 ft high-speed wind tunnel, and is closely based on the 


Paper read by the authors before the Institution of Electrical Engineers in London on 9th January, 
1958, and published in Volume 105, Part A, of the Proceedings of that Institution. 


PART I 


IND-TUNNEL WORK consists in driving a 

column of air over the surfaces of a 

model so that its behaviour can be 
analysed. A fundamental aerodynamic require- 
ment is that the velocity of the air flow in the working 
section should be constant during the period that 
balance readings of the forces on the model are 
being taken. Consequently, accurate speed control 
of the compressor is required over the normal 
working range. 

In subsonic work the air velocity in the working 
section is directly related to the compressor speed, 
and thus the control of the aerodynamic parameter 
}oy? is primarily a function of compressor-speed 
accuracy. 

In supersonic work the air velocity in the working 
section is dependent, for a given compressor speed, 
on the throat characteristics of the convergent 
divergent flexible wall upstream of the model. 
Speed setting and holding accuracy is mainly 
concerned with positioning and restraining move- 
ment of the shock waves which form at air speeds 
above Mach lI. 


The transition from supersonic to subsonic flow 


occurs at a strong * tunnel shock ’, and the position 
of this must be kept well downstream of the model. 
The shock moves downstream as the pressure ratio, 
i.e. COMpressor speed, is increased, and upstream 
as it is reduced. Hence an unexpected speed 
reduction is dangerous. An unnecessarily high 
speed, although quite safe, is extravagant of power, 
and good speed control is necessary to obtain a 
satisfactory compromise. 


REQUIREMENTS OF A SPEED CONTROL 


A typical model study, for the type of tunnel 
considered, would be to run a series of tests over a 
range of Mach numbers, each test comprising a 
series of balance readings at progressive changes 
in model incidence. During each change of 
incidence, fine adjustment of speed, flexible-wall 
position and air pressure would be made to restore 
the required Mach number and reposition the shock 
wave (with supersonic working). 

An important factor requiring consideration in 
wind-tunnel work is the Reynolds number. This is 
associated with the scale effect and expresses the 
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ratio of the pressure forces to the viscous forces for 

any given flight condition : 

Air density Relative velocity Length of object 

Viscosity of the air 

The range of Reynolds number for an actual 

aircraft over its normal speed range may be 5-25 
10°, and although it is not possible to obtain 

these flight values in a wind tunnel, the test 

Reynolds number is made as high as possible. 

The control system should be capable of holding 
the compressor speed within the specified limits 
during the period of test at a given Mach number, 
which may be of 30 min duration. The model 
would then be returned to zero incidence and 
a new Mach number obtained by setting the 
air pressure, compressor speed and flexible wall to 
new values. During this period prior to a new 
test run, transient deviations in speed-holding 
accuracy can be tolerated, but the settling time 
should be short. 

It is an important characteristic of most tunnels 
that sudden changes of aerodynamic loading are 
unlikely under normal test conditions. 

Extreme accuracy of compressor-speed indication 
is not normally necessary. The aerodynamic 
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parameters are the criteria, and these can be more 
accurately set by reference to the sensitive instru- 
ments in the air circuit. More importance is 
attached to the ability to adjust and hold the com- 
pressor speed within fine limits. 


Owing to the dangerous conditions which would 
result if sudden and large changes in compressor 
speed occurred during supersonic working, failure 
of the automatic speed control during steady-state 
or near steady-state conditions must not greatly 
affect the drive speed. 


Manual speed control during tests would impose 
a strain on the operators if high accuracy is to be 
maintained, and therefore its inclusion is for 
standby control only. 


THE 8 FT HIGH-SPEED TUNNEL DRIVE 


The 8 ft high-speed tunnel drive shown in Fig. | 
provides a maximum output of 80,000 h.p. to the 
10-stage axial compressor which has a normal 
working range of 150-750 r.p.m. The machine 
arrangement comprises an 11 kV 50 c/s 68,000 h.p. 
750 r.p.m. salient-pole synchronous motor, directly 
coupled to the compressor via a Cardan shaft, and 
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Fig. 1.—Layout of the 8 ft high-speed wind tunnel 
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two 750-volt 600 r.p.m. 6,000 h.p. d.c. motors 
coupled to the synchronous motor via a double- 
helical gearbox. 


A local generating station provides an alternative 
variable-frequency supply for the main motor. 
Two 20 MW alternators are installed, each powered 
by a gas-turbine prime mover. 


The control of the drive speed, tunnel conditions 
and recording of aerodynamic data takes place from 
the observation room. 


Compressor 


The aerodynamic loading on the compressor can 
be varied by changing the tunnel air pressure over 
the range 0-1-4-0 atmospheres. In addition, the 
compressor itself can be split into two sections—a 
high-pressure section of six stages and a low- 
pressure section of four stages. For low-power 
work the high-pressure stage, complete with its 
associated tunnel casing section, is retracted from 
the tunnel by electro-hydraulic auxiliaries and 
replaced by a dummy casing to provide closed 
air-circuit continuity. 


D.C. Machines 


The d.c. machines provide a constant torque 
characteristic over the full speed range, and are 
supplied by two similar machines, operating as 
generators, in a series loop under Ward-Leonard 
control and driven by an I! kV 50 c/s 14,000 h.p. 
salient-pole synchronous motor. 


68,000 h.p. Motor 


The rating of the 68,000 h.p. synchronous motor 
was based on the wind-tunnel design requirement 
of 49,000 h.p. at 540 r.p.m., corresponding to 
37:2 MW at 36¢c/s. Therefore, a maximum output 
of 68,000 h.p., corresponding to 52 MW I1 kV at 
50 c/s, is available when operated from the national 
Grid, with voltage and horse-power proportional 
to speed over the range 10-50 c/s when supplied 
from the variable-frequency alternators. 


Gas Turbines and Variable-frequency Alternators 


The gas-turbine power/frequency characteristic 
shown in Fig. 2 is approximately parabolic in shape, 
flattening out in the upper part to give an output 
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(a) Compressor (high pressure). 
(b) Compressor (low pressure). 
(c) Gas turbine. 
(d) D.C. motors. 


Fig. 2.—Machine characteristics 


of 19-20 MW over the frequency range 36-50 c/s. 
Each gas turbine has four independent shaft 
systems, comprising two stages of compression with 
interstage cooling, followed by two stages of 
expansion. The speed and load are governed by 
an electrically-driven fuel valve with an overriding 
limit provided by a hydraulically-controlled gover- 
nor. 

The 2-pole 3-phase variable-frequency alternators 
are rated at 19 MW, 7:92 kV, at 36 c/s with a 
voltage proportional to frequency over the range 
10-50 c/s. 


Methods of Operation 
The compressor changes, together with the 
tunnel air-pressure range described in the previous 
section, give a wide scope of operation at various 
speeds and loads :— 
(a) D.C. machines only Variable-speed low 
power (12,000 h.p.). 
Fixed speed. (Variable 
power with makxi- 
mum of 80,000 h.p.). 
Variable speed. ( Varia- 
ble power with maxi- 
mum of 66,000 h.p. 
at 750 r.p.m.). 


(b) D.C. machines 
A.C. motor supplied 
from Grid system 

(c) D.C. machines 
A.C. motor supplied 
from variable-fre- 
quency alternators 
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Speed-control Requirements 
The speed control was designed to meet the 
following requirements :— 

(i) Completely automatic control for opera- 
tions (a) and (c), with automatic control of the 
drive up to synchronizing speed for operation 
(b). 

(ii) Ability to change from automatic to man- 
ual speed control, or vice versa, under stable 
speed conditions without materially disturbing 
the tunnel air flow. 

(iii) Single-knob control for automatic speed 
setting, continuous over the range of 75-750 
r.p.m. and incorporating fine adjustment changes 
of less than 0-1°, speed. 

(iv) Speed-holding accuracy must be within 
-0-1°¢ of the set speed over the normal working 
range 150-750 r.p.m. and +1-0°, over the range 
75-150 r.p.m. A departure from this accuracy to 
be tolerated during variation of tunnel conditions 
between tests. 

(v) The automatic speed control should permit 
safe starting from rest, with controlled acceler- 
ation of d.c. machines. 

(vi) Failure of the automatic speed control 
system during steady tunnel conditions should 
not cause major change in speed. 

(vii) Both manual and automatic speed control 
to permit emergency shut-down under controlled 
conditions by regeneration in the d.c. loop. 

(viii) Selection of speed control to give either 
automatic control operative on d.c. machines 
alone, or automatic control operative on d.c. 
machines and gas turbines. The selection of the 
latter control to be made after the drive speed 
reaches 150 r.p.m. 


POSSIBLE SPEED-CONTROL SYSTEMS 


Prior to the establishment of the detailed speed 
requirements and the selection of the voltage 
comparison system, consideration was given partic- 
ularly to the role of the gas-turbine control. A 
number of speed-error detection methods were 
considered, utilizing single-knob control and capa- 
ble of 0-1 °%% accuracy over a 5 : 1 speed range. The 
following is a brief résumé of the most promising 
methods. 


Phase Control with Frequency Reference 


This method consists of matching the phase 
angle of an a.c. tachogenerator coupled to the 
drive with that of an oscillator reference, so that 
the frequency of the drive in the steady-state 
condition is always in synchronism with the oscilla- 
tor. The frequency setting of the oscillator has to 
cover the desired speed range, and the output of 
both oscillator and tachogenerator is fed to a 
phase-sensitive unit. The difference in phase is 
measured and the resultant output amplified for 
control purposes. 


This type of control system requires the drive 
speed to be brought to the set value and synchron- 
ised by additional control equipment. 


Experience with other tunnels has shown that 
there is an upper limit to the frequency which can 
be used, since the drive must pull into synchronism 
between a positive peak and the succeeding 
negative peak of the difference-frequency sine wave. 
The allowable difference-frequency depends on load 
conditions and the ratio of accelerating torque to 
drive inertia. Reduction of the oscillator nominal 
frequency to increase the period during which 
synchronization of the drive can take place, i.e., 
increase of the allowable percentage difference- 
frequency, might lead to the drive speed swinging 
outside the speed tolerance while remaining within 
the synchronous range. 


The optimum frequency range of a small wind 
tunnel having this form of control with a 5:1 
speed range and a mechanical time-constant of 
l c, was found to be 0-8-4 c/s, with a permissible 


-2 sec 
difference frequency for synchronization of 0-1 ¢/s. 


fe 
The 8 ft tunnel has a mechanical time-constant 
of 13 sec referred to the d.c. machines. Thus, 
neglecting the effect of increased air mass and 
machine-capacity limitations, and assuming strict 
proportionality with the small tunnel referred to, 
the reference frequency for a 5:1 speed range 
would be 0-074-0-37 c/s. Attendant problems are : 

(a) The additional time delay due to the 
generator fields, since, in the small tunnel 
referred to previously, the motors are supplied 
by mercury-arc rectifiers. 

(b) The limited torque available for rapid 
response requirements if synchronism is to be 
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maintained, since, for reasons given later, the 
gas turbine must be limited to slow response. 

(c) With larger mechanical and electrical 
time-constants, the upper frequency limit must 
be reduced to a value which makes it necessary 
for the synchronizing accuracy to approach, and 
perhaps exceed, the speed accuracy. 


Frequency Control with Frequency Reference 
Certain advantages are obtained over phase 
control by replacing the reference oscillator with a 
frequency-sensitive bridge having a range equal to 
the desired speed range, and comparing this with 
an a.c. tachogenerator or revolution-counting 
device operated from the drive. The drive need 


only be brought to within the frequency range of 


the bridge, and adjustment of speed setting can 
take place without loss of speed control. 
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Fig. 3.—Wien bridge 


The frequency-sensitive bridge produces a voltage 
signal, at the tachogenerator frequency, with an 
amplitude proportional to the frequency difference 
of the tachogenerator and bridge setting. This 
signal is capable of a.c. amplification before being 
fed to a phase-sensitive rectifying stage. 

Using a Wien bridge (Fig. 3), which utilizes 
variable capacitance and is preferable to other 
bridges using inductances, it can be shown that, 
for maximum sensitivity, the relationships between 
the circuit parameters are as follows : 


R, = 9/5 Re 


° 


R, = 9/, R, 


If the variable condensers are of equal value C, 
and are ganged, 


R, R, ~ R, 
R,+ R, 2R,+ R, 
At balance, | oF? C*RR, — 0 

For maximum sensitivity, the impedance of similar 
arms of the bridge should be equal, 
R, + X, 

| 

wC 
From the equation for balance, it follows that, if 
Cs; and Cy, are mechanically coupled and have a 
linear characteristic of capacitance/vane movement, 


then 


therefore R, 


where x 


the bridge will have a set frequency inversely 
proportional to vane position. 

This inverse law is unacceptable, since propor- 
tional change of drive speed against dial setting is 
required. To obtain proportional change using a 
simple mechanical condenser-plate drive necessi- 
tates special shaping of condenser plates. 

A study of available condensers indicated that 
linear movement with drive speed would reduce 
the available variable capacitance to one-tenth of 
that given by a semicircular condenser plate. This 
would impose a speed-range limitation of 5: 1, 
since single-knob control was required without 
recourse to range switches. This capacitance 
limitation is capable of marginal improvement by 
the use of a fluid dielectric, and consideration of 
temperature coefficient showed the best choice to 
be a good transformer oil. The latter provided a 
capacitance increase of 2) times that for an air 
dielectric, with a net temperature coefficient of 

360 « 10°° per deg C, which could be compen- 
sated in the resistance arm by using a combination 
of manganin and nickel. 

A further difficulty of the system is the design of 
a suitable phase-sensitive rectifier. This is required 
in order to detect the change in phase of approxi- 
mately 180° in the bridge output as the tacho- 
generator frequency varies above and below the 
bridge balance frequency. A reference voltage is 
required of greater magnitude which is either in 
phase with or in opposition to the bridge output 
signal. Obtaining such a reference voltage would 
be extremely difficult. 

Consequently, it was considered that, while the 
Wien bridge method in its then state of develop- 
ment would give greater accuracy than voltage 
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comparison for a limited speed range of 2:1 or 
3: 1, its extension to cover the specified range of 
10: 1, utilizing single-knob control, would require 
comparably greater development than that entailed 
with a voltage comparison scheme. 


Voltage Comparison 

Voltage comparison control, with a_ highly 
stabilized voltage reference and tachogenerator 
field current, in conjunction with refinement in 
tachogenerator design, offers, in the authors’ 
opinion, the simplest method of control. A ready 
means of adjusting the gas-turbine output is thus 
available, since the error voltage can be used to 
provide control to the fuel valve, and it is also 
possible to provide a large range of speed setting 
which is substantially linear. 

Consideration of the relative power levels 
contributed to the drive by the a.c. and d.c. 
machines, would favour the larger source for the 
duty of master controller. After the d.c. machines 
had brought the drive to the gas-turbine synchron- 
izing speed (150 r.p.m.), they would be set to con- 
tribute a given torque at the test-speed setting, and 
any departure from the set condition would be 
corrected by the automatic speed control operating 
on the gas turbines. This arrangement was 
rejected for the following reasons :— 

(a) The difficulty of obtaining a_ turbine 
governor capable of the speed accuracy required. 

(b) The problem of load sharing between 
turbines. 

(c) If the gas turbine served as the master 
control the advantage of the inherent low 
regulation of the Ward-Leonard system would 
be lost. 

(d) The maximum acceleration is limited by 
the turbine design to correspond to a load change 
of 5,000 h.p. per minute. 

(e) Arrangements would be required whereby 
the automatic control could be applied to the 
d.c. machines only, for operation under low- 
power working. 

(f) The problem of the gas-turbine response to 
speed error and the difficulty of obtaining a 
reliable transfer function for inclusion in a 
closed-loop speed-control analysis. 

Each gas turbine comprises four rotating units 
connected solely by the gas that flows between 
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Fig. 4.—Typical response of gas turbine to a step of 
fuel 


them. Thus the speed and temperature will vary 
as the fuel is varied, and some time delay is inevit- 
able before a correct balance is restored. 

Fig. 4 shows a typical response for a step input 
of fuel, and it is seen that an irregular response on 
a long time scale is obtained. Consequently the 
response of the fuel-valve servo mechanism would 
have to be relatively slow if undesirable oscillations 
are to be avoided. 

With the automatic speed control applied to the 
Ward-Leonard system, the rate of drive acceleration 
is considerably greater than that obtained from the 
gas turbines, since the response is now limited only 
by consideration of maximum current in the main 
Ward-Leonard loop and the field time-constants 
of the generator excitation system. 


THE SELECTED CONTROL SYSTEM 


Both automatic and manual speed control is 
provided in the system selected for the 8 ft » 8 ft 
wind tunnel. Automatic control is arranged to 
take place in the d.c. machines alone or in conjunc- 
tion with the gas turbines. In the latter operation, 
the gas turbine provides a slow follow-up control, 
normally unloading the d.c. machines so that their 
full output is available for rapid correction of 
speed error. 


Speed Reference and Tachogenerator Field Supply 

In a closed-loop system, random variations in the 
power supply to the reference or in the tacho- 
generator could cause a corresponding variation in 
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StRiEs 
CONTROL VALVE 


in order to minimize the effect of random variations 
outside the loop due to changes in mains supply 
voltage and temperature effects, special consider- 
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Fig. 5.—Stabilized reference and tachogenerator field should a small change in voltage occur across the 
supply reference resistor, a corresponding change of 
current would occur in the tachogenerator field. 
With a substantially linear tachogenerator charac- 
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Gl and G2. Ward-Leonard generators. 
Fig. 6. —D.C. motor speed control 





10 THE ENGLISH ELECTRIC JOURNAL 


Speed Control on D.C. Machines 


A high-frequency tachogenerator mechanically 
coupled to the motor-armature shaft provides a 
voltage output proportional to the compressor 
speed. This reset voltage is fed to the rectifier unit 
and the output is smoothed. The reference voltage 
is set, by means of the 40-turn helical potentiometer 
P,, to be equal to the tachogenerator output at the 
desired compressor speed. 


The reference and reset voltages are compared 
so that the resultant error voltage is proportional 
to the deviation from set speed. A stabilizing 
feedback signal from the tachogenerator is added 
to the error voltage. This modified error voltage is 
amplified to provide a push-pull signal and sub- 
jected to a current-limit voltage, derived from the 
series windings of generator 2, to prevent excessive 
load in the main Ward-Leonard loop. The 
combined signal is then further amplified and, as 
shown in Fig. 6, energizes the following :— 


(a) The push-pull fields of variable-voltage 
exciter (VVEF2 and 3) in a direction to assist 





SPEED ERROR 


Or Oppose the main exciting field up to 10°, of 
the total exciter field strength. 

(6) The push-pull fields of the speed-control 
m.g. set generator G3 which, via the follow-on- 
rheostat motor and rheostat, changes the 
excitation of the variable-voltage-exciter main 
field (VVEF1). 


The variable-voltage exciter provides the excita- 
tion level to the generators GI and G2. 


An additional current limit is provided for 
manual speed control, and back-up of the electronic 
current limit, by two magnetic amplifiers connected 
in push-pull and feeding a separate variable-voltage 
exciter field (VVEF4 and 5). The magnetic-ampli- 
fier signal is derived from the series winding of 
G1 and backed off against a preset voltage to give 
an adjustable current limit. 


The design requirement, with regard to failure 
of the automatic speed control, is satisfied by the 
provision of the follow-on rheostat. This operates 
in a direction to provide all the necessary generator 
excitation, thus reducing the speed error, and 
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Fig. 7.—Schematic diagram of fuel-valve control 
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consequently the output from the electronic- 
amplifier-supplied fields. 


Gas-turbine Fuel-valve Control 


As explained under * Voltage Comparison’ on 
page 8, the nature of the dynamic characteristics 
of the gas turbine limits its role to a slow follow-on 
control. This is achieved by controlling the fuel- 
valve operation and rate of movement, with a 
fuel-valve pattern signal which accommodates the 
turbine characteristic shown in Fig. 4. 


Each gas-turbine fuel valve is driven by a Selsyn 
receiver which remains in synchronism with the 
Selsyn transmitter coupled to the d.c. motor of the 
fuel-valve m.g. set. The fuel-valve profile is so 
graded that, although the fuel-flow/horse-power 
Output characteristic is non-linear, the maximum 
permissible load change of 5,000 h.p./min is 
obtained at maximum fuel-valve motcr speed, 
regardless of the initial position of the valve. 


Fuel-valve Pattern Signal 


The fuel-valve pattern signal is designed to give 
an adjustable range of fast follow-up control for 
gross speed errors, followed by a reduced fuel-valve 
speed as the regulation range of the d.c. machines 
is approached. 


A simplified diagram of the fuel-valve closed-loop 
system is shown in Fig. 7. 


The error voltage derived from the tacho- 
generator and reference voltage, as previously 
described, is also utilized for control of the fuel 
valve. The error signal is amplified and applied 
to an adjustable bias unit, which cuts off the error 
signal until the bias setting is exceeded. Reference 
to the curve of fuel-valve-motor-speed/speed-error 
in Fig. 8 shows that increase of bias setting increases 
the cut-off zone and that, by bias unbalancing, an 
unequal response can be obtained for positive or 
negative speed errors. Variation of R; alters the 
gain, i.e. the slope of the signal in Fig. 8. In 
practice, the bias will be balanced and the setting 
adjusted so that current limit in the Ward-Leonard 
loop is Operative in the cut-off zone. This current- 
limit signal (Fig. 9) is derived from the series 
winding of G2, and gives a voltage proportional to 
current which is added to the biased error signal. 
Adjustment of gain of the main Ward-Leonard 
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Fig. 8.—Typical characteristic of main d.c. motor 
speed error and fuel-valve speed 
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Fig. 9.—Typical characteristic of main d.c. motor 
current and fuel-valve speed 
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Fig. 10.—Typical characteristic of current and speed 
error combined 


loop-current signal is provided by Rg, and its effect 
is shown by the dotted lines in Fig. 9. 

The combined voltage shown in Fig. 10 comprises 
the fuel-valve pattern signal. This signal is split 
to provide a push-pull signal to the electronic 
amplifier, and the amplified output is applied to the 
push-pull fields of the fuel-valve m.g. set generator 
G4. G4 drives the fuel valve via the motor M4 
and the synchronous link. 
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Fig. 11.—Block schematic diagram of fuel-valve 


Fuel-valve Motor Tachogenerator 

Open-loop speed control of the fuel valve would 
be subject to load regulation, and would be inac- 
curate at low fuel-valve pattern signals owing to 
variable friction in the fuel-valve drive. Thus, in 
order to provide proportional control of motor 
speed to error signal over the full range, and conse- 
quently to control the zero error due to the integral 
control in the main speed control loop, a separate 
tachogenerator is coupled to the fuel-valve motor 
M4 to provide a reset voltage proportional to the 
fuel pattern signal strength. 

The servo-mechanism block schematic diagram 
(Fig. 11) shows that the fuel-valve control provides 


an Output proportional to error, plus the integral of 


error which results from the fuel-valve position. 


Current Offset 


The normal action of the gas-turbine control is 
to correct for gross speed error and current in the 
main Ward-Leonard loop. However, to make 
increased torque available to the drive under 
steady-state tunnel conditions, a direct-current 
offset control is provided. The gas turbine control 
at zero speed error is then at some current datum 
which provides an adjustable minimum current 
level in the main Ward-Leonard loop. 

The offset voltage V, (Fig. 7) is developed across 
the adjustable resistances R,, R. and can be made 
positive or negative with respect to the signal 
voltage V,, proportional to direct current. Variation 
of the offset voltage moves the direct-current 
component of the fuel-valve pattern signal along the 





control Operation at Low Power 


The case is considered when 

the d.c. machines are operating 

alone and the tunnel conditions are varied slightly 

causing a small positive speed error, i.e. drive speed 
below set speed. 

The resulting error voltage, which is equal to the 
difference between the tachogenerator and reference 
voltages, is amplified and energizes the push-pull 
fields (VVEF2 and 3, Fig. 6) of the variable-voltage 
exciter in a direction to increase the excitation 
rapidly. The generator voltage rises and an in- 
creased current flows in the main Ward-Leonard 
loop to accelerate the drive. At the same time, the 
amplified error signal is applied to the push-pull 
fields of the speed-control m.g. set generator G3, 
causing the pilot motor M3 to rotate and drive the 
follow-on rheostat at a speed proportional to the 
amplitude of the error signal, and in a direction 
to increase the excitation of the variable-voltage- 
exciter main field (VVEF1). 


As the drive accelerates, the error voltage is 
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Fig. 12.—Typical characteristic with offset control 
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reduced, thus decreasing the excitation to the 
variable-voltage-exciter push-pull fields and the 
travel rate of the follow-on rheostat until set speed 
is reached. At this position the electronic output 
is negligible and the follow-on rheostat is stationary, 
with the steady-state excitation provided by the 
variable-voltage-exciter main field. 

For large changes in drive speed, where the 
current in the main Ward-Leonard loop would 
Otherwise greatly exceed full load, the d.c. machines 
accelerate under current limit control. 

For negative speed changes, i.e. drive speed 
above set speed, the sequence is as described above 
except that the variable-voltage-exciter push-pull 
fields will act to reduce the total excitation, followed 
by a corresponding movement of the follow-on 
rheostat. 

It will be appreciated that the speed error at 
which current-limit action occurs will depend on 
the steady-state load and will generally be 0-1°, 
set speed. 


Operation at High Power 

The case of d.c. machines and gas turbines 
Operating under automatic control with zero- 
current offset and the fuel-valve speed error bias 
set at 10% is considered. In the steady-state 
condition, all the necessary drive torque is now 
provided by the a.c. motor supplied from the gas 
turbine driven alternators. 

For speed errors below 10°, of top speed the 
d.c. machines will correct as previously described 
(current-limit control occurring at 0-1°, for errors 
in either direction). As the current increases from 
zero in the Ward-Leonard loop, the voltage signal 
V,, proportional to this current (see Fig. 7), is 
amplified and energizes the push-pull fields of the 
fuel-valve m.g. set generator G4, causing the d.c. 
motor M4 to rotate in a direction to increase the 
fuel-valve setting. Reference to Fig. 9 shows that 
the fuel-valve opening speed is constant during the 
period that the d.c. machines are in current limit. 

The gas-turbine power output is increased and 
the speed error is further reduced, if not already 
corrected by the d.c. machines. At zero speed 
error the d.c. machines will be contributing a share 
of the drive power and the action of the gas turbines 
will tend to raise the drive speed slightly above the 


speed setting. The resulting error will cause the 
automatic speed control to reduce the excitation 
of the d.c. machines. This reduction in the main 
Ward-Leonard loop current reduces the signal to 
the fuel-valve control, consequently slowing down 
the opening of the fuel valve until zero direct 
current is reached, when no further movement of 
the fuel valve takes place. 

For speed errors above 10°, of top speed the 
d.c. machines correct under current-limit control, 
as previously described. But since the speed-error 
signal now exceeds the bias setting, the fuel-valve 
pattern signal includes a component proportional 
to the speed error, and the resulting amplified 
output to G4 is increased, causing rapid operation 
of the fuel valves to assist the d.c. machines in the 
correction of large speed error. 

The maximum rate of fuel-valve movement is 
limited by the characteristics of the electronic 
amplifier (see Fig. 8), which saturates at an input 
equivalent to a gas-turbine rate of load increase of 
5.000 h.p./min. 

As the speed error is reduced by the combined 
action of gas turbines and d.c. machines the rate 
of fuel-valve movement is also reduced, until, at a 
speed error of 10°,, the bias setting cuts off the 
speed-error component to the fuel-valve pattern 
signal and operation takes place under control of 
the signal proportional to the main Ward-Leonard 
loop current, as previously described. 


TACHOGENERATOR 
One type of tachogenerator, specially developed 
for high-accuracy speed controls, is a high-frequency 
inductor-type machine. The rotor is built of 


AC WINOING~ 












EXCITATION 
WINDING 


sTaTOoR 
oe" WU UU UU UU UU UU UU 


Fig. 13.—High-frequency tachogenerator, stator and 
rotor slots 


laminations, each punched with 60 teeth, so that 
the generated frequency in cycles per second is 
conveniently equal to the tachogenerator speed in 








revolutions per minute. The stator carries both 
d.c. (excitation) and a.c. (Output) coils. Stator and 
rotor slotting is shown in Fig. 13, from which it 
can be seen that the air-gap reluctance is constant, 
being independent of the rotor position relative 
to the stator. Consequently, less alternating 
voltage is induced in the d.c. windings. 


This alternator is suitable for running over a 
wide range of speeds ; its open-circuit character- 
istics are more linear than those of d.c. machines, 
over a working range of excitation values. The 
hysteresis effect is small. For high-accuracy speed 
controls using voltage reference it has advantages 
over d.c. tachogenerators in that there are no 
brushes or commutators. The output waveform is 
nearly sinusoidal at all speeds, and with a low 
modulation inherent in the machine, accurate 
speed indication is possible. 


Difficulty was experienced with some early 
machines which had a low frequency modulation 
superimposed on the high-frequency output volt- 
age. This is especially troublesome in ccntrol 


systems and is overcome by a special type of 


tachogenerator construction. 

The major disadvantage in using an a.c. tacho- 
generator is that rectification is necessary to com- 
pare with the voltage reference of the servo system, 
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and care must be taken to minimize the rectifier’s 
undesirable characteristics if an accurate speed 
signal is to be obtained. 
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Boost Systems for Helicopter Gas Turbines 


By A. W. MORLEY, Ph.D., M.Sc., A.F.R.Ae.S., D. Napier & Son Limited. 


This article is in all essentials a reproduction of the Paper read by the author before the Helicopter 
Association of Great Britain on the 10th January, 1958. 


HE RECENT YEARS HAVE seen a tremendous 

increase in the importance of the helicopter 

both as a defence aircraft for anti-mine, anti- 
submarine and assault purposes, and as a civil 
transport between busy centres ; it has also been 
overwhelmingly successful in a multitude of special 
duties from rescue work to crop spraying, some 
impossible with fixed-wing aircraft. The wider 
application of the helicopter in these many roles 
has directed increased attention towards the 
enhanced engine performance possible with the 
gas turbine, and to the more difficult problems of 
coupling the greater potential output of this form 
of engine with the inherent safety features of the 
aircraft. 

It is well known that the single-engined helicopter 
requires a much bigger engine for take-off than is 
necessary for cruising flight. In most cases a 
considerably greater payload could be carried if the 
engine power could be increased temporarily for 
take-off. Again, in the twin-engined helicopter, 
which is required to fly safely on a single engine, 
unless the engines are oversize for take-off, more 
power is required to fly comfortably with one 
engine out of action than the remaining engine can 
stand. In the great majority of cases extra power 
is required for a minute or two only ; for example, 
to clear local high ground ; to enable a manoeuvre 
to be made from hovering flight into a comfortable 
cruising condition ; or to make a safe take-off 
and landing. 

For such purposes it becomes important to 
develop ways of boosting the engine power for 
short periods. If this can be done successfully the 
Operator will then be able to accept bigger loads, 
guarantee satisfactory performance with one engine 
failure, and not be affected by the loss of engine 
power which occurs on a hot day. Again, from the 


designers point of view, use of emergency boost 
will permit a reduction in the size of the power 
plant and thus offer major gains for no alteration 
in normal performance. 

Engine boosting is the natural way to meet an 
infrequent overload. Such boosting has proved 
essential in earlier aircraft development, e.g. the 
supercharging of the piston engine; water- 
methanol injection ; re-heating of the turbo-jet. 
It has, of course, its limitations due to the higher 
rate of fuel consumption, the extra stresses imposed 
on parts already well loaded, and the additional 
complication in the engine controls particularly if 
the boosting is to be absolutely automatic. Never- 
theless, there is little doubt that boosting for short 
periods will be attractive when applied to the 
helicopter engine. 

This article discusses engine boosting from the 
engine aspect, with the emphasis on the gas turbine 
type of power plant. Basically the applications 
divide between the single-engined helicopter and 
the twin-engined helicopter. In the former the 
interest is principally in improving performance at 
take-off and landing, in order to carry a bigger 
payload. In the latter the interest is principally 
in boosting the power of the remaining engine 
should one of the pair fail in flight. 

There are four methods of augmenting power 
which seem worthy of present interest ; these are :-— 

(a) The rocket-on-rotor system which uses small 
rocket units at the rotor blade tips. 

(b) Where there is provision for a gas drive to 
the rotor tips, the boosting obtained by 
burning more fuel before the tip jet nozzles. 

(c) Where the rotor is mechanically driven, 
boosting the power by increasing the output 
of the main turbine for a short period. 
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Fig. 1.—Napier rocket-on-rotor unit as applied to the Skeeter helicopter 
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(dq) An auxiliary gas turbine brought into 
operation to meet conditions otherwise too 
severe for the main power plant. 

Of these four, the first is already used on piston 
engined helicopters and its application to the 
turbine driven machine will follow the established 
technique. The others concern the gas turbine 
helicopter, and here the discussion is somewhat 
of a tentative nature since this form of power 
plant is only just coming into use. 


Rocket-on-Rotor System 

A method of using a * cold” hydrogen peroxide 
rocket to augment rotor h.p. has been developed 
by the Reaction Motors Corporation in the United 
States and by D. Napier & Son Ltd. in Great 
Britain. The Napier system has been used success- 
fully in the Saunders Roe Skeeter Mark 5 and 
Mark 6 and is also projected for use with the 
Skeeter Mark 12 and the Westland Whirlwind!. 
Fig. | shows the main features of the system 
applied to the Skeeter. 

Concentrated hydrogen peroxide is expelled as a 
mixture of superheated steam and oxygen from 
small chambers at the tips of the rotor blades. The 
peroxide is carried in a tank mounted above the 
rotor hub and revolving with it. The liquid is 
taken along feed pipes inside each rotor blade via 
an ‘on-off’ valve controlled by a solenoid or 
actuator worked from a switch. By opening the 
switch, the pilot allows the peroxide to pass to the 
feed pipes, through restrictor units which cut down 
the high pressure generated by the centrifugal force, 
into small decomposition cells at the rotor tips 
where it is turned into gas at about 600°C. The 
gas is expelled against the direction of rotation 
and so develops auxiliary thrust. 

As is well known, high-test peroxide was first 
exploited by the firm Walter of Kiel who found 
many military applications for this versatile 
compound. During 1939-1945 it was employed by 
the Germans for several projects but was not used 
for rotor drives since the helicopter had not 
reached a sufficiently advanced stage at the time. 
The rocket-on-rotor system was first tried by the 
United States Forces in 1954 when a few small 


‘Saunders Roe Skeeter. *The Aeroplane’ 14th September 1956. 


* Flight’ 18th January 1957, 
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rocket helicopters were built following the rapid 
developments of rotating wing aircraft during the 
Korean War. 


One of the main developments of hydrogen 
peroxide motors has been concerned with improve- 
ments in the catalytic composition of the liquid. 
The Germans worked principally with chemical 
decomposers, e.g. permanganate solution, and 
various forms of catalytic stones which would 
rapidly decompose peroxide over a long period of 
time at a steady rate. Present day applications use 
metal gauze or granules which offer considerable 
improvements in technique. This development has 
brought no small advantage to the use of the 
hydrogen peroxide rocket-on-rotor system. 


Chemically the process is a very simple one, 
thus : 


HO, yields HO + $O, + 13 k.cal per gram mole. 


In this equation the heat liberated refers to the 
gaseous state of the products. The temperature 
of the gases produced depends on the strength of 
the peroxide ; for 80°, concentration if is about 
500°C, and for 90°, concentration about 730°C. 


0 

The efficiency and therefore the economy of this 
boost system depends upon the steam generator 
pressure. The centrifugal pressure generated in a 
typical rotor is considerably higher than that re- 
quired for the decomposition and discharge pro- 
cess ; thus if the rotor tip speed is V; ft/sec and the 
density of the peroxide is ¢ Ib/ft®, the centrifugal 


pressure will be A typical density of the 


Io 

peroxide is 1-34 times that of water, and pressures 
of the order of 3,000 to 4,000 Ib/sq in and 
upwards would be reached by the centrifugal 
effect on the column of liquid in the blade. A 
typical steam generator pressure is 500 to 600 
lb/sq in and a restrictor in the feed pipe is thus 
necessary to reduce the pressure of the peroxide. 
The restrictor may be fitted at the blade root where 
it will produce a column of low pressure vapour 
along part of the blade pipe, and thus limit the 
total pressure rise, or at the tip where it will reduce 
the pressure of the liquid before it enters the steam 
generator. In a multi-bladed rotor the pressures 
in the separate tip chambers can be made equal by 
trimming the restrictor units. 
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Fig. 2.—Net rotor boost h.p. obtainable from a 

‘cold’ peroxide rocket-on-rotor system with (a) 

constant line pressure losses, and (b) constant nozzle 
pressure 


Fig. 2 gives the theoretical performance in terms 
of h.p. obtained per Ib/sec of peroxide consumption 
if the chamber pressure is the centrifugal pressure 
minus a constant pressure loss in the feed line 
(obtained partly in the restrictor) and also for a 
constant pressure in the decomposer. Some 10°, 
of the potential power is used in rotor pumping. 
As previously pointed out, there is no lack of 
pressure from the centrifugal action of the rotor. 
The theoretical specific impulse of the peroxide 
increases from about 121 sec at 500 Ib/sq in to 
128-3 sec at 1,000 Ib/sq in and 134-4 sec at 2,000 
lb/sq in. With this trend of increase in specific 
impulse with pressure, the theoretical boost 
h.p./Ib/sec of peroxide would increase with tip 
speed from about 90 at 500 ft/sec tip speed to about 
137 at 700 ft/sec tip speed. 

A typical specific weight for the Napier tip unit, 
which includes the decomposer chamber and dis- 
charge nozzle but not the rotor blade fairing, is 
1/20th Ib per Ib of rated sea-level thrust. A typical 
gain in helicopter take-off weight under boost is 
about 10 Ib per boost rotor h.p. The rocket motor 
for a helicopter with a take-off weight of 5,000- 
6,000 Ib might consist of three units each of 30 Ib 
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rated thrust. Ata rotor tip speed of 550 ft/sec an 
additional rotor h.p. of 90 is obtained with the 
motor and will permit some 900 Ib to be added to 
the useful take-off weight of the machine. The 
initial filled weight of the rocket will be about 
90 lb per minute of boost operation, or about 
190 Ib for three minutes. 

A comparison of the performance of the Skeeter 
Mark 6 with and without rocket boost is given in 
Table 1. 


TABLE I 


COMPARISON OF PERFORMANCE OF SKEETER MARK 6* 
HELICOPTER WITH AND WITHOUT ROCKET BOOST 
For identical payloads and piston-engine fuel 

weights. Design thrust per unit 22 lb. Duration 

under full boost 2 minutes. 


Normal Rocket 
machine boosted 
Aircraft weight at take-off, lb. . 2,150 2,272 
Vertical rate of climb (sea level) 
ft/min er ‘ve of 230 1,470 
Hover ceiling (free air), ft - 1,100 8,800 
Maximum rate of climb (sea 
level), ft/min .. - Zs 1,020 1,850 
Minimum rate of descent (pis- 
ton-engine off), ft/min — 1,350 650 
Maximum forward speed, knots 88 100 


* The Skeeter Mark 6 is the civil version of the Skeeter 
Mark 10 with Gipsy Major 201-200 b.h.p. engine. 


The essence of the system is its simplicity, which 
must not be impaired if the helicopter is to be a 
However, it is possible with future 
development to envisage the use of the ‘hot’ 
peroxide system in which a fuel, e.g. kerosene as 
employed in the main engine, is used to burn with 
the peroxide at the rotor tips. If the hot system 
were employed in the helicopter, about twice the 
power output per |b of the cold peroxide would be 
obtained, but the better consumption has to be 
paid for in part by weight increases of the chamber 
at the blade tips, for this must now include a 
burner head and a cooling system for keeping the 
chamber wall temperatures within practical limits. 
The additional complexities of the hot system are 
unlikely to make its use worthwhile other than for 
large thrust tip units. 


success. 


The use of any type of engine employing hydrogen 
peroxide, particularly the higher concentrations in 
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arctic climates, needs special care, since typical 
freezing points are —23°C and —11°C for 80°, 
and 90°, concentrations respectively. This disadvan- 
tage does not present unsurmountable difficulties ; 
the bulk temperature of the peroxide can be kept 
reasonably high during storage, or ammonium 
nitrate and water can be added to lower its freezing 
point. Peroxide with ammonium nitrate added, 
however, is not regarded as being as safe as the 
unmixed substance. 

A method of preventing freezing of the peroxide 
by controlled decomposition of the liquid in a 
catalytic heater inside the container vessel has been 
developed by the U.S. Army Ballistic Missile 
Agency, Alabama,” for use by field units. This 
method has been used successfully to heat peroxide 
in drums, but as far as is known no version of 
catalytic heater has yet been produced to warm 
peroxide in flight. Preventing freezing by catalytic 
heater appears to be simple and easily workable, 
particularly if the flow of liquid through the heater 
can be maintained by natural convection. The 
loss of peroxide can be small (say, half of one per 
cent per hour) once the liquid is at the desired 
temperature, and only the heat loss to the atmos- 
phere has to be made good. 

Looking further ahead, some alternative liquids 
have been suggested in place of peroxide for 
rocket-on-rotor use. Thus, a mixture of ethyl 
nitrate and propyl nitrate gives a_ theoretical 
specific impulse up to 50°, greater than the per- 
oxide. This combination has been used with some 
success in monopropellent rockets. At present, 
however, ignition is a problem, and further the 
combustion chamber size would be considerably 
greater than that for the simple decomposition of 
the peroxide. 


Gas Drive to the Rotor Tips 


Rotor power boosting by afterburning at the 
rotor blade tips can be applied to four possible types 
of tip jet propulsive unit. These are: the tip 
mounted turbo jet, the ram jet, the pulse jet and the 
air pressure jet. 

When the tip mounted turbo jet arrives, boosting 
by reheat will be straightforward. The ram jet 
has already been used successfully for the main 


8 Tschinkel, J. G. and Graves, A. E. {pparatus for warming hydrogen 
peroxide by its own controlled decomposition. ‘Jet Propulsion’ July 1957. 


propulsion of small helicopters but depends 
entirely on the intake ram obtained by rotation of 
the rotor. Since the rotor is limited to subsonic 
speeds the amount of ram that can be obtained is 
too small to permit efficient working. Moreover 
the thrust is influenced by the angle of attack of 
the rotor and is therefore liable to suffer unwanted 
variations as the pilot alters the rotor pitch controls. 
Pulse jets have also been used successfully for small 
helicopters and so should be considered when 
reviewing the whole field of possible boost motors. 
Here the thrust characteristic is such that the 
available power is reduced to practically zero when 
the high tip speeds are reached, which unfortun- 
ately is Opposite to ideal requirements. Finally, 
there is the pressure jet which has more possibilities 
as a boost system. Here combustion chambers at 
the blade tips are supplied with compressed com- 
bustible gas from an engine mounted in the 
aircraft. In one form an air bleed is taken from the 
engine compressor, and in another, air is supplied 
from an auxiliary compressor clutched in when the 
pressure jet is required. The latter system is used 
in the Fairey Rotodyne. 

In connection with the choice of unit for the tip 
jet boosting it is of interest to quote some figures 
(Table Il) comparing ram jet, pulse jet and pressure 
jet, given by the Fairey Aviation Company from a 
study of possible main rotor tip propulsion for a 
Rotodyne aircraft®. 


TABLE II 
COMPARISON OF BLADE TIP PROPULSION 
SYSTEMS 


Max. Dispos- Specific Max. 


System Cross able Fuel Endur- 
Section Load Consump. ance 
Ram Jet .. 9.2 1:5 3-6 0-48 
Pulse Jet .. $°2 1-48 2°5 0-77 
Pressure Jet 1:0 1-0 1-0 1-0 


In the above table the pressure jet is given the 
figure of merit 1-0 throughout, and the stated 
characteristics of the other two units are given as a 
ratio. It is seen that the pressure jet is superior in 
three of the four counts and it is only its disposable 
load which suffers by comparison. 


* Rotodyne Prelude. * Flight’ 3rd May 1957. 








4 
-0 THE ENGLISH 


With the pressure jet system the ability to boost 
depends upon the normal tip jet combustion 
temperature remaining well below the stoichiometic 
temperature. Thus a typical maximum temperature 
for extended use would be about 1,300°K, whereas 
with the right proportions of fuel and air (a ratio 
of about 1:134) it is theoretically possible to work 
to temperatures of the order of 2,200° K. The rotor 
power obtainable for a given rate of air supply is 
roughly proportional to the combustion tempera- 
ture over the running range, so that a useful margin 
for boost is theoretically available. 


The tip jet is best supplied with air at a pressure 
of between 3 and 5 atmospheres, depending upon 
the air compressor design, the rotor-duct capacity 
and the efficiency required in the combustion 
chamber. For the best propulsive efficiency at the 
blade tips, with the speeds of rotation common 
today, a combustion pressure of the order of 2 
atmospheres is needed, the main consideration here 
being the Froude efficiency of the jet. In 
practice the air supply pressure is raised to cut 
down the size of the air duct from the compressor 
and the diameter of the passage in the rotor 
blade, and hence improve the aerodynamic 
efficiency of the rotor. A higher pressure also 
reduces the volume of the combustion chamber 
at the blade tips necessary to obtain the desirable 
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standard of combustion efficiency. The chamber 
must of course be small enough to be buried within 
the blade tip without any serious excrescence, in 
order to cut down the rotor drag. Another impor- 
tant feature of the combustion chamber is that it 
must permit a clean light-up and shut-down, and 
this is usually more easily obtainable with a high 
air pressure. Against high pressure, however, is 
the need for increased combustion chamber shell 
strength and the disadvantage of increased noise 
from the jet which can be a real problem in any 
form of heliccpter tip jet burning. 

A potential advantage of boosting by tip jet 
burning is that there is no sudden change in anti- 
torque reaction even if the boost is very rapidly 
applied, and no loss of effectiveness due to the need 
to supply power to an anti-torque propeller. Since 
the boost system is likely to be called on quickly 
in an emergency, this absence of any further upset 
to the forces acting on the helicopter is most 
desirable. 

The capabilities of the pressure jet system have 
been examined both in America and Britain. 
Fig. 3 shows estimates of a low-loss boost system. 
The losses can be kept small in a system such as 
that described in the next section of this article, 
where only part of the propulsive effort comes from 
the pressure jets. These plotted results, which are 
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Fig. 3.—Pressure jet performance — rotor tip speed 700 ft/sec 
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for design cases only, give a useful assessment of 
the potentialities of helicopter power boosting by 
pressure jets. 

The most valuable experience on the practical 
possibilities of boosting rotor power by pressure 
jets comes from pioneering work by the Fairey 
Aviation Company with its Ultra Light, Gyrodyne 
and Rotodyne helicopters. In Table III are 
recent results of actual tests by that company. One 
task is obtaining good combustion under the effects 
of the very high gravitational field. For the typical 
helicopter rotor speed of 240 r.p.m., 20g centrifugal 
acceleration has to be met for each foot length of 
rotor radius. Burning is now believed to be 
relatively easy up to 400g. 


TABLE III 


TEST RESULTS FROM HELICOPTERS POWERED 
BY PRESSURE JETS 


Fairey Fairey 
Gyrodyne Rotodyne 


Compression ratio, 





rotor supply pressure a 2:72 4:13 
atmospneric pressure 
Rotor tip speed, ft/sec ay 690 700 
Specific thrust, Ib thrust net .. 76:8 90-4 
Ib air/sec 
Rotor h.p., h.p. net es 96:4 115-1 


Ib air/sec 


Fuel consumption, Ib fuel/hr 2:56 2:06 
Ib thrust net 
Ib/h.p. net/hr 2:04 1-62 


There is also the noise problem which has always 
been severe in reheat applications and which 


cannot be solved to the complete satisfaction of 


all members of the public without imposing a 
costly handicap on the performance of tip jets. To 
some extent the sound spectrum is amenable to 
treatment by arranging mixing with atmospheric 
air around the nozzle perimeter. The Fairey 
Aviation Company has had noteworthy success in 
its attack on the jet noise problem of the Rotodyne, 
and claims to have reduced it to about the same 
level as the other noise of the machine. 

Both in Fig. 3 and Table III the fuel consumption 
is for the tip burners only, and the consumption 
of the compressor plant must be added to obtain 
the total consumption. These actual test results 
agree well with design predictions, particularly in 
the case of the more highly developed Rotodyne. 
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The pressure jet considered as a method of 
emergency boosting and not for main propulsion 
requires a power plant which can supply consider- 
able air bleed at short notice. It also requires 
special ignition equipment. The air bleed to the 
rotor tips would have to be either permanently on 
or available immediately if there was any chance 
of the boost being required. When the emergency 
arose, the rotor fuel and igniters would have to be 
quickly switched on and it would be essential to 
obtain the extra rotor h.p. without delay. It is 
obvious that such a system would have to be fully 
automatic. The extra air capacity, fuel demand 
and igniters would have to be so linked with the 
main engine control that there would be no 
tendency for instability of the main engine, the 
auxiliary compressor or the combustor, however 
rapidly boost were demanded. The same extreme 
flexibility, though most desirable, is not necessary 
if the boost is used solely for giving extra lift at 
take-off, and a somewhat less complicated and 
more rugged control system can be expected to 
meet requirements in this case. 


Boosting by a Mechanical Drive Turbine 

With the type of gas turbine developed today for 
fixed-wing aircraft the maximum power rating is 
used for take-off and initial climb and is permitted 
for five minutes. With the twin-engined helicopter 
the take-off is not necessarily the maximum power 
condition, and other requirements relating to 
flight safety may make it desirable to seek new 
ratings for the gas turbine. Thus a twin-engined 
machine must be able to fly on one engine at the 
forward speed for minimum power for a fair period 
of time. For such a condition a rating has been 
introduced called “the one hour rating’ which 
declares the normal maximum power required from 
the engine for periods up to | hour. When a 
twin-engined helicopter makes a take-off with full 
load it will normally require the maximum or 
one-hour power from each engine. Since a 
helicopter engine is likely to use more of its life 
taking off and hovering than does the engine of a 
fixed-wing machine in take-off and initial climb, 
the one-hour rating may need to be set to a load 
slightly less than the corresponding take-off rating 
of the fixed-wing type of engine. 

A severe power requirement of the twin-engined 
helicopter is to meet sudden engine failure under 
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hovering conditions. It appears to be impracticable 
to make both engines of such a size that either 
would cope with the full hovering requirement of 
the aircraft, even though the normal maximum 
power of the engine, as has just been said, leaves 
more margin for increased power than the maximum 
rating of the fixed-wing engine. To legislate for 
the case of the failure of one engine during hovering, 
a new rating called the emergency rating has been 
adopted. A typical limit period for this rating is 
24 minutes ; it is in fact a boost rating and as such 
is an important development coming within the 
scope of this article. 

The boosting of the helicopter turbine engine 
by uprating inevitably requires an_ increased 
turbine inlet temperature. The higher up the scale 
the temperature is taken the shorter becomes the 
running time allowable. It is of interest to quote 
some figures of turbine inlet temperature against 
the rating level of a typical engine, and although 
an absolute value cannot be given here to the 
temperature scale, because it depends so much on 
the manufacturers’ design techniques, the relative 
turbine inlet temperatures will be something like 
those given in Table IV. 


TABLE IV 


RELATIVE ENGINE RATINGS 


Relative 
Rating Turbine Typical 
Inlet 5.H.P. 
Temperature Ratio 
Fixed-wing Engine 
Take-otf 5 minutes _ 100°, 1-1 
Maximum continuous . . 94°, 0:8 
Typical cruise .. es 89°, 0-65 
Helicopter Engine— 
Emergency 24 minutes. . 105°, 1-25 
One hour a - 97%, 1-0 
Maximum continuous . . 94°, 0:8 
Typical cruise .: -_ 83% 0-6 


(twin-engined helicopter) 


In the above table the temperatures are reckoned 
on the absolute or Kelvin scale. It will be noticed 
that the fixed-wing and helicopter engine ratings 
for maximum continuous engine operation have 
the same turbine inlet temperature, while the 
emergency rating of the helicopter engine and the 
typical cruise are respectively above and below the 
corresponding limitations of the fixed-wing engine. 
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Basing the discussion of the helicopter engine on 
the above figures it is seen that there is an 8% 
margin between the normal maximum turbine 
temperature and the emergency maximum. This 
margin is of course tied in with the permissible 
increase in engine r.p.m. and shaft horse-power. 
A typical power increment corresponding to the 
8°. rise in absolute turbine inlet temperature is 
about 25°,. With a twin-engined helicopter it is 
quite possible that emergency cases will arise which 
will demand more than an extra 25°, on single 
engine power. Obviously the aircraft and engine 
manufacturers have to decide together just how 
far they will meet all possible failures by over- 
loading the engine. For example, a sudden engine 
failure when hovering might impose more load 
than is available from the remaining engine under 
full boost if the pilot must maintain the hovering 
condition, but a quick manipulation into forward 
flight will rapidly reduce the power required to 
maintain height and make flight on one engine 
possible. 

For the single-engined helicopter there is 
obviously no need for an emergency rating to cope 
with engine failure, and the need for boost depends 
on the demand for extra take-off power only. 

In the case of the twin engine the future of 
mechanical boosting by overloading the engine 
tends to be a complicated design issue. Thus it 
involves questions of handling, such as determining 
the best rotor r.p.m. For the power required to 
hover is a minimum when rotor r.p.m. are relatively 
low, but many pilots prefer high rotor r.p.m. so as 
to have more rotor inertia in hand for emergency 
landing. It also brings in the important problem 
of best engine size. Thus, if the engine can accept 
a large percentage overload it can in effect be made 
smaller and yet meet the specified emergency 
requirement. Then, with the normal cruise load, 
it will operate at a higher fraction of its rated 
power. As is well known, the shaft-drive engine 
improves in specific fuel consumption as the load 
point moves up the power curve. Hence the 
engine designed for boosting will not only weigh 
less but also have a better cruising consumption. 

It may be as well to illustrate this point by 
figures, as in Table V, relating to a twin-engined 
helicopter with Napier Gazelle engines. Here the 
one-hour rating is 1,300 s.h.p. 
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TABLE V 


OUTPUT POWER AND SPECIFIC FUEL CONSUMPTION 


Output Specific Fuel 
Rating | Power Consumption at 
| Ratio Sea Level 
Ib/shaft h.p./hr 
24 minute 1-27 ‘676 
1 hour is a 1:0 ‘720 
Maximum continuous ‘808 ‘769 
Typical cruise 593 “845 


Engines of a given family, identical except for 
size, can be scaled according to output power 
ratio. Hence, for a given emergency power, if a 
Gazelle engine is scaled on the fixed-wing maximum 
power rating ratio of 1-1, it would require to be 
15% bigger than a Gazelle scaled on the emergency 
rating ratio of 1:27, that is, assuming size will be 
proportional to the maximum continuous powe1 of 
the engine. This extra size would involve about 
300 Ib in extra power plant, apart from the increase 
in the aircraft weight to support it. Alongside this, 
since the larger engine will cruise at a power 
fraction given by 0-593/1-15, or 0-515 of the one- 
hour rating, its specific fuel consumption will 
increase from 0-845 to 0-89 Ib/s.h.p./hr which 
would add about 70 Ib to the fuel consumption 
of the helicopter per hour of cruise. Thus the 
introduction of the 2} minute emergency rating 
saves at least 370 lb of total aircraft weight per 
hour of cruise flight. It might be argued that a 
15°, bigger engine would allow a_ substantial 
increase in take-off load, but it must be remembered 
that with two engines, each capable of supporting 
the helicopter in level flight, there will already be 
as much power as is usable for take-off. Further 
power might be necessary in certain rare cases but 
would not normally be usable because of the 
structural limitations. 


The interest here is in the free turbine type of 
engine where the power turbine is not connected 
mechanically to the compressor turbine. The 
boosting of such an engine by increasing the fuel 
supply and so raising the turbine inlet temperature 
above the normal maximum, requires an increase 
in the r.p.m. of the compressor, which presents 
yet another major design consideration. In theory, 
it would be possible to boost the power turbine 
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without overspeeding the compressor turbine, by 
injecting the boost fuel into a separate combustion 
chamber located between the outlet of the com- 
pressor turbine and the inlet to the power turbine. 
Unfortunately, this system is impracticable because 
it would involve severe compromise in the free 
turbine to cope with the change in mass flow 
parameter. Also the gas in this region is already 
deficient in oxygen and at less than the full com- 
bustion pressure, so that the chamber required to 
obtain uniform combustion would be quite large, 
and besides taking up space, would cause a most 
expensive pressure loss under normal running 
without boost. 

There is thus the obligation to concentrate effort 
on increasing the fuel to the main combustion 
chamber and therefore to accept an increased 
compressor r.p.m. and heat flow through the whole 
turbine. 


Various attempts have been made to overcome 
the problem of short-period turbine heat flow by 
the use of liquid coolant sprayed into the first stage, 
and as far back as 1950 the National Gas Turbine 
Establishment did tests on a Whittle type jet engine 
with water flows up to one quarter of the fuel flow 
of the engine, showing that the turbine blade metal 
temperature could be reduced by about 300°C. 
It was predicted that by limiting the temperature 
gain to 200°C a 60°, increase in engine output 
was obtainable. In the case of the Whittle engine 
about 10°, overspeed would be necessary to obtain 
the full power augmentation. In reading across to 
a free power turbine engine a similar increase in 
power should be obtainable for roughly the same 
compressor overspeed. However, the engine 
output r.p.m. would not have to be increased to 
the same extent. The N.G.T.E. also found that 
provided the engine is mechanically sound and able 
to stand the extra load corresponding to the 
augmented power, then the direct effect of the 
injected water on the operation of the engine was 
not serious. The opinion might be ventured that, 
as an engine structure, the shaft-drive gas turbine 
with the free turbine drive is eminently suitable 
for power boosting so long as the turbine can be 
cooled effectively. There are no other severe 
problems limiting the engine. Hence, if a coolant 
spray can be made successful, the way is opened 
for considerable gains in engine flexibility in the 
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mechanical-drive helicopter field. There are pro- 
blems of materials, and one of the more tricky 
questions concerns the aerodynamic effects of the 
water spray on the flow through the multi-stage 
turbine and the compromise in turbine design 
which will be necessary. 


One possible disadvantage of direct boosting of 


the shaft h.p. of a single-rotor helicopter is the 
need for a proportional increase in the anti-torque 
power. It must be pointed out that with a twin- 
engined helicopter the boosting system is not 
envisaged as a method of increasing the normal 
maximum power to the rotor, but only the maxi- 
mum power of the individual engine should one 
of the pair fail. There is no intention of the 
overload going into the rotor head. In fact, whe: 
the strength of the rotor is just sufficient for the 
requirements of the helicopter, the engine control 
must be so designed that it is absolutely impossible 
for the boost to come into action unless the other 
engine is giving less than its normal output by an 
amount exceeding the boost increment, for this 
would otherwise wreck the rotor drive. 


To avoid some of the complications connected 
with the overload of the mechanical rotor drive at 
the cost of introducing others perhaps not so 
serious, a combined system may be considered 
in which the normal power to the rotor is by 
mechanical drive while the boost power is by 
pressure jet to the rotor tips (Fig. 4). This 
composite scheme is good in one respect 
because the air pressure jet is probably the best 
all round system, performance wise, for hovering 


and short endurance flight, which is the sort of 


operation in which an emergency system is most 
likely to be wanted, while the direct drive is 
probably the best all round for cruising and 
extended flight. The composite system would burn 
engine compressed air at the rotor tips in emergency 
and no more load would be imposed on the load 
turbine or rotor drive. This air might be taken 
from the compressor flow at a convenient stage 
and its volume would be small enough for the 
duct through the blades to have no effect on the 


outer aerofoil form. However. an examination of 


such a system for a Gazelle engine shows that the 
straightforward bleeding of the compressor to 
supply air for tip burning under overload conditions 
would not be of much use, since the power augment- 
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Fig. 4.—Diagram of engine combining free turbine 
drive and pressure jets at rotor blade tips 


ation would be less than could be obtained if the 
same turbine temperatures were used with normal 
mechanical drive and overspeed. If the boost 
compressor were separate from the engine com- 
pressor the performance would be better, and such 
a system would be helpful where the mechanical 
drive from the turbine to the rotor could not take 
the extra power or where the anti-torque to offset 
the boost torque is a problem. 


Boosting by an Auxiliary Gas Turbine 

Finally, a brief look may be taken at another 
scheme for boosting, which consists of an auxiliary 
gas turbine connected via a free wheel to the main 
rotor drive in such a way that it augments the 
output from the main engines in an emergency. 
Thus, in a twin-engine helicopter, coupled to the 
common transmission there would be two identical 
main turbine units and one auxiliary boost turbine 
unit. Unlike the ram jet or other tip reaction 
motors previously considered, there is now a boost 
unit of the same type as the main units, with the 
same handling characteristics and good fuel 
economy. Undesirable as will be the complication 
of a third engine, this solution can appear attractive 
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to the designer when an engine of proved design and 
suitable size for an auxiliary already exists, and 
where the main units cannot be boosted sufficiently 
to permit the full use of the capabilities of the 
aircraft. To carry an idle third engine solely as a 
flight safeguard does not seem practicable. Even 
if regarded as a flight spare it would have to be 
run up at take-off for power checks and kept 
idling in case it should be needed soon after leaving 
the ground. The only possible application there- 
fore seems to be where the auxiliary is also used for 
take-off, but it remains to be seen whether the 
helicopter would then have sufficient margin should 
failure Occur On any One of its three engines in 
flight. 


Reflection will show that the problem resolves 
itself into one of permissible engine ratings and 
of the power ratios required for level flight and 
hovering as compared with the take-off power. 
Thus, if a main engine fails the auxiliary must 
obviously be above a certain power to support the 
aircraft, whereas if the auxiliary engine fails it 
must be below a certain power in order that the 
remaining main units can still fly the aircraft. The 
cases of main engine failure and auxiliary engine 
failure can only be met if the minimum power 
required for flight is between a $ and 3 of the take- 
off power of the helicopter (Fig. 5). To meet a 
typical case where the minimum flight power is 
625 of the take-off power, the auxiliary would have 
to be at least § of the power of the main engine. 
Further, if the minimum flight power is greater than 
‘667 of the take-off power, no auxiliary whatever 
the size could meet the * engine-out * requirement. 
In fact, the case is most nearly met when the main 
and auxiliary engines are all equal, and this gives 
actually a three-engined machine. 


A similar look at the hovering condition shows 
that whatever the size of auxiliary, it is impossible 
to meet the hovering requirement with one engine 
out unless this requirement calls for less than 86°, 
of the take-off power for the aircraft, and again 
this needs an auxiliary as large as the main engine. 


If the auxiliary is not to be used for take-off it 
will be possible to extend the cruising range of the 


se 
e 


machine by shutting down one of the main turbines. 
There are, however, a number of extremely difficult 
problems to be solved here, for example, the idle 
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The upper limit refers to failure of the auxiliary, and the 
lower to failure of a main unit. In the cruise case, minimum 
power corresponds to the I-hour rating, and in the hover 
case to the emergency rating of the two remaining engines 
(l-hour power take-off power, emergency 1-3 take-off 
power, all engines in use for take-off). 





Fig. 5.—Limits of auxiliary size 


engine would have to be started up in readiness 
when flying over houses or near hill-tops and would 
in fact be running round for a large proportion of 
the flight time. 
idling would be a dead loss to the performance of 
the helicopter. An independent method of starting 
would be necessary which could be relied on 
absolutely to give starts in flight. Again, from the 
supply point of view, the complication in the main 
power plant and division in responsibility caused 
by the introduction of an auxiliary engine produced 


The fuel consumption when 


by another manufacturer would in most cases be 
extremely unwelcome. There is therefore a strong 
desire to avoid an auxiliary gas turbine as a boost 
unit. Although some excellent small gas turbines 
are available, the emergence of a helicopter carrying 
such an auxiliary has not yet been seen. 


Conclusion 


Any conclusions as to the best system for boosting 


b 


























(Left) Two 2.200 AW 660 volt rectifier equipments in a British steelworks, controlling the 15 motors of an \%-s 


On-load tap changers on the rectifier transformers, in conjunction with the grid control apparatus, give an & 


since the middle of 1953. 


(Right) This 1,500 ampere germanium rectifier equipment is used to feed a vacuum are furnace for titanium p 
reactance transductecr in the transformer primary leads results in a d.c. voltage characteristic dropping from \. 


of the characteristic. The equipment has been in service since April 19: 
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TABLE VI 
ESTIMATED ENDURANCE (MINUTES) UNDER BOOST FOR 1,000 LB OF FUEL, OR FUEL PLUS PROPELLENT OR 
WATER, ONE ENGINE FAILED. MAIN ENGINES ARE 2 1.300 H.P (UNBOOSTED) 
Power to maintain height Boost As used for all 0:55 0-575 0-60 0-65 0-70 0-75 
Take-off power  take-olls 
Required power boost 0-222 0:35; 0-50 0:856 1-33 2-0 
Unboosted single-engine take-off power 
550 ft/sec tip speed 5-2 3:3 2'5 1-4 0-9 0-6 
Rocket-on-rotor 
750 tt-sec tip speed 6-4 3-0 [+2 

z Overspeed — increased 

= Boosted gas Tima 57 > 

a turbine 

2 Overspeed — water cooling 

= water, gas — 0-03 19 

=} \uxiliary gas turbine with same specific fuel 

= consumption as main engine 52 47 42 34 27 20 
= Composite gas turbine and pressure jet 

~) 

g Pressure Jet Tip Tip 

= pressure Temperature Velocity 

= ratio iN fl see 

<. 

1-5 1,000 550 19-7 14-0 
2-0 2,200 759 ? 25 20 13 ) 6 


must be based on the degree of boost available, on 
the endurance required and the total weight for a 
given endurance. One assessment of endurance is 
given in Table VI. Reliability and flexibility must 
also be properly considered. 

The rocket-on-rotor system probably has the 
greatest power potential and calls for the minimum 
of modifications to the existing power plant and 
airframe. As far as total boost weight is concerned 
the rocket-on-rotor system must be expected to be 
heavier if more than a very short endurance is 
required. This is of course due to the voracious 
appetite of the rocket engine. For the same 
installed weight, including fuel, the endurance of 
the various turbine arrangements may be expected 
to be several times greater. 

The composite pressure jet - mechanical drive 
system using an auxiliary compressor clutched-in 
to the remaining * live * engine has a high potential 
output without imposing any more load on the 
In such an arrangement the ultimate 
amount of boost is obtained when all the power 
of the live engine is absorbed by the auxiliary 


live engine. 


compressor, and the compressed air is heated in 
the tip units to the highest possible temperature. 
In theory the highest boosts are obtained at low 
2, but a 
limiting factor is the rotor ducting which requires 
a higher pressure. By a compromise between the 
conflicting requirements of boost power per Ib of 
air per second and duct area per |b of air per 
second, a suitable pressure ratio may be found and 
substantial percentage boosts should be obtainable. 


pressure-jet pressure ratios, e.g. 1-5 to 


Boosts of the order 40 to 50°, take-off power 
should be available with the helicopter gas turbine 
engine using a mechanical drive, by over-speeding 
combined with water injection. With a twin- 
engined machine which suffers an engine failure, 


the final transmission is not oOver-stressed by 
boosting. The engine and its gear-box are over- 


loaded but the weight penalty is small and there 
are no difficulties with the installation, 


If boost power is obtained by overspeeding the 
compressor turbine, and water injection is not 
used, a lower safety margin on the turbine blade 
would be expected. it is 


stresses Nevertheless, 
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simpler to avoid the use of water injection, and 
therefore preferable to develop the engine to the 
necessary standard of reliability without it. 

Finally, it is not possible to classify the systems 
which have been discussed on a basis of endurance, 
since endurance and system weight go together 
and cannot be separated to make a just comparison. 
Thus, the rocket-on-rotor 
consumption and poor endurance but is the 
simplest system in many ways. In Table VI 
endurances are compared for a comparatively 
heavy fixed weight of fuel, water or propellent, and 
to some extent the differences in system weight are 
reduced because of the high proportion of con- 
sumed liquid in the total boost weight. On this 
basis the straight up-rated hot turbine with its low 
specific consumption has a clear advantage. The 
same engine using spray cooling of the turbine has 
less endurance due to the additional water con- 
sumption, but the turbine itself will have an 
improved life due to its lower metal temperatures. 
The use of an auxiliary gas turbine to boost main 
engine power shows a somewhat shorter endurance 
than the * hot’ turbine engine because of the better 
specific consumption of the latter. 


has a high rate of 


The composite gas turbine and pressure jet 
system is an interesting possibility. According to 
the estimates in the table its endurance time would 
be intermediate between the rocket-on-rotor and 
the straight up-rated mechanical drive turbine. It 
would permit the power to the rotor to be increased 
without torque reaction and for no more load on 
the rotor mechanical drive. In cases where such 
advantages are not sought, the up-rating of the 
main gas turbine appears preferable. 
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Some Aspects of Testing Related to Meters, 


Relays and Instruments 


By A. W. ADAMS, Chief of Test Department, Meter, Relay and Instrument Division. 


VER THE PAST five to six years there has 

been an interesting and considerable expan- 

sion in the activities of The English Electric 
Company's Meter, Relay and Instrument Division, 
the products of which now embrace a very wide 
range of integrating meters, protective and auxiliary 
relays, and A.C. and D.C. indicating instruments, 
including portable and miniature types. 


All these end-products, representing the efforts 
of many sections within the * M.R.I.” Division in 
making the coils, discs, frames, electro-magnets, 
cutting gears, etc., present to the tester forms of 
electrical measurement as varied almost as the 
products themselves. 


Taking the range of polyphase integrating 
meters, for example, many similar components 
such as discs, shafts, frames, electro-magnets, cases 
and registers can finally result in a unit for the 
measurement of kWh, kVAh or reactive kVAh, 
and similar variations apply to the components in 
the range of power instruments. In the Test 


Department the result is a different form of 


measurement, whether of a simple current, power 
factor, reactive kVA, frequency, etc. There are 
also such widely different classes of measurement 
to be made, as of oil flow, gas volume and air 
pressure in connection with Buchholz transformer 
protection relays. 


The activities of a Division engaged in the field 
of measurements must be solidly tied to definite 
standards. In the Test Department, therefore, 
extensive electrical standardising equipment has 
been installed for testing and calibration, and a 
carefully planned and maintained standardising 
routine is observed. Something of this background 
to testing is given in the sections which follow. 


STANDARDS AS APPLIED TO TESTING 


The accuracies and other data of the standards 
used are given in Table I. 


TABLE | 
ACCURACY OF STANDARDS 


Weston cadmium standard cell, 
e.m.f. 1-01859 volts 0-001 °, 
Standard resistors (manganin).. 0-001°, (001°, 
below | ohm) 
Temperature coefficient per ~“C 
at 20°C 
Stability of accuracy over a 
period of years 
D.C. vernier potentiometers 
A.C./D.C. universal dynamo- 
meter .. en by ~~ O57 
Temperature coefficient (compen- 
sated) per C, less than 0-005 °, 
Associated current-transformers 0-01 °, ratio 
0-3’ phase angle 
Sub-standard ammeters, volt- 
meters and wattmeters based 
on: 
Full scale deflection 
Actual indication 


0-000005 


0-001 °; 
0-001 °; 


0-25% 
0-1°% to 0-2°% 
(generally) 
Industrial grade bench instru- 
ments .. fs me ss EDZ te 20% 
Current transformers (Class AL): 
Ratio, maximum 0-15°, (but 
usually less 
than 0-1 °,) 
Phase angle .. ds _ 3’ 


Meter Testing 
The schematic diagram in Fig. | shows the 








THE ENGLISH ELECTRIC JOURNAL 

































































‘ N.P.L 
>MT > 
. STANDARDS 
| 
| l l 
STD STD STO 
CLOCK CELL RESIST 
PRECISION PRIMARY STANDARDS 
| D.C VE 
STOP WATCHES aie 
POTE 
ane Sat n 
STS pe RANSFER oe 
STANDARD 
WATTMETERS ic.T AMMETERS AND VOLTMETE 











ROTATING 
SUB-STD METERS 








POLYPHASE METER 





SPECIAL METER SINGLE PHASE METER 
CALIBRATION 


3] 


with reference to D.C. only. For work on 
alternating current it is necessary to intro- 
duce an instrument of a very high order of 
accuracy to give precise D.C./A.C. transfer 
of the fundamental D.C. units. The 
Division’s choice of instrument for this 
purpose has been the Cambridge Universal 
Reflecting Dynamometer. By means of 
this dynamometer the accuracy of the A.C. 
substandard ammeters, voltmeters and 
wattmeters used in the Test Department 
can be certified. 


Since energy meters integrate power and 
time, the Time Standard is of equal 
importance and is generally accepted as 
Greenwich Mean Time. The Test Depart- 
ment’s standard pendulum clock, varying 
only a few seconds per week, is checked 
against the Greenwich time signal. Then, 
via accurate stop-watches maintained 
against this clock, the time element is 


CALIBRATION CALIBRATION : : : sph ’ 

introduced in maintaining the Rotating 
ination Sub-standard Watthourmeters applied 

directly to meter calibration, or alterna- 

G.M.T Greenwich Mean Time NPL National Physical Laboratory e ° “ 

: : tively to calibrate production § meters 

sto Standard RESIST Resistance i = ° - 

a bie Gai directly against an indicating wattmeter 


Fig. 1.—Schematie diagram showing standards as applied 


to meter testing 


relationship between the Precision Primary Stan- 
dards and the sub-standaids at shop-floor testing 
levels. The Standard Cell (Weston cadmium cell) 
is the standard of e.m.f. or voltage. This steadily 
maintains its e.m.f. at 101859 volts absolute, 
varying only with air temperature, for which a 
known correction factor can be applied. The 
standard resistances of various current capacities, 
and volt ratio boxes, have an extremely high 
stability of accuracy ; they are oil immersed and 
the larger sizes are water cooled. Then there are 
the all important Precision Vernier Potentiometers. 
All these Primary Standards are certified by the 
National Physical Laboratory to | part in 100,000 
against the national legal standards. 


Up to this stage direct-current values have been 
dealt with, as the legal electrical units are phrased 


and stop-watch. 


By the foregoing means the calibration 
of meters is tied back to N.P.L. and 
Greenwich standards, whatever _ final 
method of testing is used. This function 
of ensuring accuracy is also performed by users 
of meters such as the British Electricity Boards. 
Similarly, corresponding undertakings overseas are 
tied back to their national standards organisations. 


Instrument Testing 


From the diagram in Fig. 2 it will be seen that 


the same essential primary standards are used for 
testing instruments as for meter testing. The 
maintenance of the accuracy of D.C. sub-standards 
used for production calibration is by direct reference 
to the potentiometer. Using the universal dynamo- 
meter again for D.C./A.C. transfer, the accuracy 
of all A.C. sub-standards can be checked, and 
against these the day to day production calibration 
of all alternating current instruments is carried 
out. Portable A.C. instruments of precision grade 
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Fig. 2.—Schematic diagram showing standards as applied to 
instrument testing 
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are certified directly against the universal 
dynamometer. 


Precision current-transformers are used 
to extend the range of sub-standard 
ammeters and wattmeters, and these figure 
largely in the calibration of all the 
Division’s A.C. products. They are 
periodically checked together with their 
associated sub-standard instruments, or 
separately, depending upon the usage, so 
that the combined error of current-trans- 
former and sub-standard instrument can 
be taken into account. 


Relay Testing 

For relay testing the same general pattern 
is followed, as indicated in Fig. 3. The 
electrical primary standards are again the 
main reference for the accuracy checks on 
sub-standard test instruments, but in many 
instances it is possible to use test instru- 
ments of industrial grade accuracy and 
these are referenced back to the sub- 
standards as shown. 


































































































T 
i im Fig. 3.—Schematic dia- 
gram showing standards 
as applied to relay 
testing 
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As with integrating meters, the 
time element figures largely in the 
performance of certain types of 
relays, particularly the inverse 
time-overcurrent group and the 
definite time relay. With relays, 
other time standards can be used 
than those permitted for meter 
testing, and generally, for the 
accuracies required, synchronous 
time clocks supplied from a 
controlled frequency, or electronic 
time-interval meters are satis- 
factory. 

For testing and calibrating 
minimum speed relays, however, 
electronic dekatron counting units 
are incorporated, with a 1000 c/s 
valve-maintained tuning fork 
acting as the time base. These 
provide a much more accurate 
means of measurement where short 
times are concerned. 
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Fig. 4.—Cambridge Universal Reflecting Dynamometer 


Cambridge Universal Dynamometer 

The importance of this instrument (Fig. 4) in 
testing warrants a brief description of its construc- 
tion and operation, as it represents the highest 
grade of accuracy available for the direct 
measurement of power, voltage or current at 
supply frequencies. 

Its stability and freedom from control defects 
are a marked advance on the performance of the 
deflectional instruments previously available. The 
movement employed consists of a special nickel- 
iron alloy field system which carries the current 
coils and encloses the suspended moving coil in a 
shielded annular gap. The design, in addition to 
eliminating the effect of external fields, provides a 
long linear scale with high electro-magnetic 
efficiency. The scale is arranged in three consecu- 
tive strips, mounted horizontally and parallel to 
each other on a scale plate subtending an are of 
70°. Three illuminating systems are employed, so 
arranged and distributed on the base that the first 
produces an image of the dynamometer mirror on 
the upper section, the second on the centre section, 
and the third on the lower section. As the reflected 
image on the upper scale attains full deflection, 


another image provided by the middle lamp takes 
over at the beginning of the middle scale. Similarly 
a third image from the third lamp appears on the 
beginning of the bottom scale as the spot on the 
centre scale attains full deflection. In this way a 
scale length of 2.5 metres is obtained which may 
be accurately read from one position. 

With its associated range box this instrument 
has a large number of current and voltage ranges 
suitable for use on both D.C. and A.C. and can 
be used as an ammeter, voltmeter or wattmeter : 
its accuracy is given in Table I. Two similar 
instruments are in use at the National Physical 
Laboratory for checking and calibrating sub- 
standard instruments. 


Other Measurements and Equipment 


In addition to the measurements mentioned in 
the foregoing broad picture of the relationship 
between production test standards and primary 
standards, others are undertaken having little or 
no relationship to the standards which have been 
described. Examples are frequency, phase angle and 
oil flow, for which special equipment is required. 
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More than 300 standard instruments or measuring 
devices are disposed throughout the testing organi- 
sation, covering the calibration and testing of all 
products of the Meter, Relay and Instrument 
Division. 

The maintenance of all this equipment to close 
accuracy is a vital responsibility fundamental to 
manufacture in the field of electrical measurements. 


TESTING kWh METERS 


As the outcome of a lawsuit over a disputed 
account, in 1936 the Electricity Supply (Meters) 
Act was passed. This resulted in regulations by 
the Electricity Commissioners regarding proper and 
accurate testing of meters before being put into 
service. These regulations, still in force under the 
Ministry of Power, lay down standards for the 
performance of meters, the type and standard of 
testing equipment, and basic testing techniques for 
checking the accuracy of kWh meters. They 
require that all house-service meters must be 
officially certified and sealed by a meter examiner 
before being put into service, and that they must 
conform to specified limits of accuracy. 


Limits of Accuracy 
While the legal error limits for single-phase 
meters in service extend from +2}°; to 


-> 


33% over 


ENGLISH ELECTRIC JOURNAL 


a range of loads from the maximum current rating 
down to 1/60th M.C.R., British Area Boards 
expect meters on receipt from the manufacturers 
not to exceed the limits of —-1-5°,. The errors of 
any batch of meters should be normally distributed, 
with a standard deviation of 0-5°., so that it can 
reasonably be expected that some 70°, of meters 
delivered will have errors not exceeding —-0-5°,, 
and approximately 99-7°, not exceeding —1:5°, 
at the main check points. The manufacturer has 
to work to a much closer limit if the natural 
widening of the overall error band by the time 
meters reach the users is to be contained within 
these conditions. A commercial product has thus 
to approach precision accuracy. Fig. 5 shows 
graphically the limits referred to. 

For those unfamiliar with meter characteristics, 
it may be interesting to note that in a 40 ampere 
M.C.R. meter at 1/60th load, about equivalent to 
that of a 150 watt lamp, the element is rotating at 
approximately 4/S5ths of a revolution per minute, 
with a torque of only 0-2 gram/cm. Consistent 
accuracy at this low load is of vital importance, 
where the effect of friction can have very detri- 
mental effects and random variations are most 
apparent. 

Methods of Testing 
Basically, there are three methods of testing the 
accuracy of kWh meters :—- 
1. By checking directly against a 
wattmeter and stop-watch. 





v 
to 


By revolution or gauge testing 





.. against a rotating sub-standard. 
3. By long-period dial testing against 
a rotating sub-standard. 





m 
m 


The manufacturer’s inevitable choice 
of method is narrowed down on a basis 














@w 


of time and economy to revolution 
testing against a master or sub-standard 
meter, Or using specialised equipment 


om 
f 
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Fig. 5.—Error limits for single-phase k Wh meters 
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at 1:0 pf. 


providing variations of this comparison 


oR method. His choice of equipment and 


procedure must be integrated with the 
manufacturing and inspection techniques 
which have been adopted. For instance, 
it might be said that the testing of a 
meter is incomplete until all the wheels 
of the register train have revolved once. 
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But that might be the equivalent of many 
years in actual service, so in the production 
of the registering mechanism, as with all 
other components, careful manufacturing 
and inspection methods at all stages ensure 
that only the minimum of tests are 
necessary. 

The stroboscopic method of speed 
checking is one well known in kWh meter 
testing, and in the design and manufacture 
of modern meters aids are incorporated 
for the use of this method. The toothed 
edge of the disc in the * English Electric ” 
meter (there are 400 teeth) is used for 
direct stroboscopic comparison with the 
speed of a similar sub-standard meter. The 
sub-standard meter used in this method 
of testing is mounted above the meter 
undergoing calibration and has a rotor 
disc with 400 deeply cut periphery teeth 
which rotate immediately below an 
aperture plate (Fig. 6). Light projected into 
the meter from a source to the left hand 
is emitted as a pulsating beam from the 
Fig. 6.—Stroboscope for meter calibration underside by the action of the light shutter 





Fig. 7.—Meter test 
boards 
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the same ampere rating of sub- 
standard to be used for the calibra- 
tion of all load values on all the 
ratings of meters manufactured. 

By these means error bands 
approaching 0-5°, are achieved at 
the time of testing on 1/60 and 1/1 
load at 1-0 p.f. and on 1/1 load at 
0-5 p.f. This method is universally 
used and accepted ; it is easy and 
accurate, but does involve a degree 
of tedium to the operator, as constant 
supervision is necessary. 


New Testing Techniques 

Much consideration has been given 
to possible new testing techniques, 
and changes are being made involv- 
ing the design and installation of new 
testing equipment. The two-stage 
method of preliminary stroboscopic 
calibration and final board revolution 








Fig. 8.—Testing polyphase meters incorporating 











maximum demand indicators ijehdnornapsynalgerhngh 
thus formed. The rotating disc edge of the test meter, %e 
also having 400 teeth, is viewed in this pulsating 











light by means of an optical arrangement, the ELECTRO? 


OMPARAT 











resulting magnified stroboscopic image being seen 
on a small screen to the front of the operator. Both 
meters are connected to the same load, which can 
be readily switched to the desired value at unity or ial 
0-5 lagging power factor. Adjustments are made aut wari ELECT 
to the test meter until the stroboscopic image wi 
appears * at standstill °, when the speed and hence 

the accuracy of the meter is identical to that of the 

sub-standard. 

Meters are then loaded in banks of 60 on Sasa 
quick-connecting contacts (Fig. 7) and current, AUTOMAT 
potential and power factor can be adjusted from “a 
an adjacent control panel. The sub-standard 
meters, used now for revolution testing and situated 
in the centre of the board, operate in conjunction 
with Class AL multi-range current-transformers 
connected in series with the meters. These enable Fig. 9.— Diagram showing new sequence of meter tests 
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tests is being broken down into a 
number of stages, and there will be 
a greater integration of testing 
with the flow-line belt assembly. 
Fig. 9 shows the new sequence 
of tests. 

In place of the direct method 
of stroboscopic speed comparison, 
experiments are being made with 
what is hoped will be more 
accurate electronic comparators 
(Fig. 10) for high load calibra- 
tion, capable of giving a_ final 
setting accuracy of +0-1°. In 
simple terms, still using the 400 


Fig. 11.—Scale-drawing machines 


for instruments 
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Fig. 10. 


An* English Electric * electronic comparator 
for meter calibration 


periphery teeth, the principle is that of com- 
paring the tooth frequency of the test meter with 
that of the rotating sub-standard. Both meters 
will have a light-beam suitably placed in relation 
to the rotating disc edge. The resulting modu- 
lations due to the disc teeth will be picked up by 
photo-cells, amplified, and a comparison of the 
two frequencies made to appear in the form of a 
display on a small cathode-ray tube. Further to 
aid the operator in her judgement of precise 
calibration, the use of dekatrons to give exact 
counts Over a given 
contemplated. 

Meters will then be passed to low-load calibration 
equipments which will be semi-automatic. Essen- 
tially the method here is revolution testing against 
a sub-standard meter, but the meters will be started 
and stopped automatically and each test position 
will be provided with a small disc brake to prevent 
the meter disc from drifting 
until a few seconds before 
a test. This brake will be 
after the conclusion of a test run. 


number of revolutions is 


due to parasitic forces 
the commencement of 
automatically applied 
Starting and 
stopping of the meters under test will be achieved 
by a relay controlled from a photo-cell counting 
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ting the previous possibility of inaccuracies 
due to drifting of the meter discs when 
nominally at standstill. 

Having calibrated the meters they will 
then be checked and passed to specified 
accuracy limits on larger test racks, using 
the same automatic apparatus, which is 
adaptable to the control of various load 
values and will count pre-selected numbers 
of revolutions. 

The trend in meter testing is towards 
the use of more automatic equipment, and 
it is hoped at a later stage to develop and 
install a testing unit which will auto- 
matically check the accuracy of a meter 
on a given number of pre-selected load 
points and print out the results. 





INDICATING INSTRUMENTS 


Fig. 12.—Pen action of scale-drawing machines shown 
in Fig. 11 The range of accuracies for industrial 


¢ 
e 


grade instruments falls into the 1°, to 
device mounted over the sweep hand 
of the rotating sub-standard. 

With these equipments, when the te 
Operator presses the ‘start’ button the 
automatic brakes are lifted by a small 
reversing motor, and a limit switch in the 
mechanism energises a delay relay and 
closes the current circuit. The purpose of 
the delay relay is to permit the rotating 
sub-standard to reach a steady speed 
before the counting head commences to 
operate. At the first pulse from the latter 
the meter voltage circuits are energised, 
and at the 4Ist pulse they are de-energised. 
Revolution counting is done by means of 
a telephone line-finding relay, which at 
the conclusion of a test automatically 
indexes back to zero. 

Meters will be loaded on the test racks 
with quick connecting devices. 

The automatic nature of the testing 
should not only minimise operator fatigue 
but also increase efficiency whilst elimina- 
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Fig. 13.—Generators and control board for 
the testing supplies 
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Fig. 14.—Battery for heavy-current testing 


2°, class with general conformity to B.S.89, and the 
majority of the instruments are individually calibra- 
ted and scaled. One of the ideals of quantity 
production is to make each article exactly similar 
to the next. In the M.R.I. Division this must be 
a constant aim as it affects the extent and nature of 
the calibration and tests. For instance, on certain 
moving-coil instruments made in repetitive quan- 
tities, a standard preprinted scale is successfully 
being used. This also applies largely to the new 
range of miniature instruments now in production. 


It is only by the most careful design backed by 
sound production and inspection techniques that 
the overall error of instruments can be kept within 
the prescribed limits on standard scales. Absolute 
uniformity at all stages of manufacture is therefore 
the keynote. Generally, however, the users’ demands, 
particularly for moving-iron type instruments, 
cover such a diversity of scales that, apart from 
other reasons, individual scaling is the only obvious 
approach. As previously mentioned, all instru- 
ments are calibrated and checked for accuracy by 
comparison against precision indicating standards, 
and the main scale points representing deflections 
of the pointer are marked onto the blank dial 


which is then passed into the 
Scale Drawing Section. 

The scale-drawing machines, 
Figs. 11 and 12, consisting 
essentially of an adjustable panto- 
graph, are completely adaptable 
to varying radii of scale, for which 
a graduated turn-table provides 
the mounting base. The pen 
action is controlled via a bowden 
cable from a lever adjacent to the 
stylus, by means of which the 
operator traces the matrix located 
in the slides on the end table. 
Usually a four to one ratio is 
worked, but other adjustable 
ratios can be obtained. With 
control of both turn-table and 
pen, the operator draws in the 
scale lines at the points pre- 
marked. The turn-table, grad- 
uated in degrees and with vernier 
adjustment giving decimal frac- 
tions of a degree, is used for 
the sub-division of the finer precision scales of 
portable instruments. Other machines being 
brought into use will automatically grade and 
subdivide scales from the main calibration markings. 
Wherever possible, all standard markings on dials, 
such as the titles A and V, are printed by the use of 
photographically produced silk screens. 

Accuracies of 1°, and 2°, are commonplace but 
it is in the B.S. precision accuracies that perhaps 
most skill and interest lie. The short-range 
frequency meter has an accuracy of 0-1 °,, while in 
the portable precision class of instrument the 
accuracies are :— 


Permanent magnet moving-coil 


types .. a “ie OS 
Shunts for moving-coil am- 
meters a we “O27, 


0-5 and 0-6°¢ 


These are small tolerances ; for instance, taking a 


Dynamometer types 


single range D.C. moving-coil voltmeter or milli- 
voltmeter, precision accuracy calls for a maximum 
allowable error not exceeding 0-3°, of the scale 
reading over the effective range, expressed as a 
percentage of full scale. If the instrument has 100 
divisions, then 0-3 of a division is the maximum 
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Fig. 15.—Plug distribution board for 
supplies to testing positions 


allowable error. But this 0-3°, has also to 
contain the maximum allowable - self- 
heating error of 0:2°, and the allowable 
error of instability of 0-1°,. The tolerances 
are thus very fine and involve ageing of 
components and_ repeatability checks. 
The final accuracy of precision-grade 
shunts to within 0-2°, has to cover 
conditions from cold to normal working 
temperatures, and self-heating must not 
therefore extend the error beyond this 
overall tolerance. It should be remem- 
bered also that while calibration may be 
to precision grade, it is the sustained 
accuracy of the instrument or shunt within 
the tolerance over many years which is of 
equal importance. 

These accuracies can be achieved only 
with first-class equipment and conditions 
for instrument manufacture and testing. 
Some examples of the equipment used for 
instrument testing in the M.R.I. Division 
are given in Figs. 13 to 20. 


Fig. 16.—The switchboard- 
instrument testing section 
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connections. A rotary adjustable 
milling head mounted over the 
shunt enables the cross-section of 
the isabellen rods to be reduced as 
necessary until the correct millivolt 
drop is obtained. The shunt shown 
in Fig. 20 has a 75 millivolt drop 
at 21,000 amperes and contains 
350 rods ; it weighs 482 lb and its 
dimensions are, 30 in 13 in 


12 in. 


RELAYS 


The British Standard Specifica- 
tion 142 defines a protective relay 
as a relay designed to bring about 
automatic de-energisation and/or 
disconnection of an_ electrical 
circuit or plant from the source 
of supply under predetermined 
conditions, usually abnormal and 





Fig. 17.—The precision testing section, including heavy direct-current 
and potentiometer equipment 





likely to cause damage to the 

affected circuit or plant. 
Electrically, the Test Department is an inde- In this definition there is a double aspect to 
pendent unit in so far that it has its own generator consider. Firstly, the response of the relay to 
and battery rooms (Figs. 13 and 14.) Supplies to predetermined conditions, and these are of course 


all testing positions are stabilised, 
and when generators have to be 
used they can be remotely con- 
trolled from the test bench. A 
centralised distribution unit (Fig. 
15) serves as the link between all 
the available incoming supplies 
and the many testing positions. 
Heavy direct-current control 
equipment has been installed and, 
for shunt calibration, currents up 
to 5,000 amperes can be drawn 
from a bank of storage cells. A 
separate room is provided for the 
calibration of ammeter shunts in 
order to preserve the maximum 
degree of cleanliness in the instru- 
ment assembly and test areas. 
Shunts undergoing calibration are 
mounted by quick connecting 
clamps into an adjustable jig (Fig. 
19) which provides both mechani- 
cal rigidity and the electrical Fig. 18.—Polyphase testing bench 
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Fig. 19.—Jig for milling shunts during the process of calibration 


directly related to the calibration settings or 
characteristics which must be obtained on test, and 
secondly, reliability of operation which is so 
important in the protection of the circuit or plant. 


Reliability 

A relay may be called upon to operate but once 
in its life, and on that occasion it must not fail. 
The destructive effect of faults on alternator 
stators or transformers, for instance, should a 
protective device fail to operate, can be disastrous 
and far reaching, whereas the quick clearance of a 
fault usually prevents damage or renders it super- 
ficial. 

Inevitably from time to time faults will occur in 
the extensive transmission and distribution net- 
works which feed power to our modern communi- 
ties. The real and vital contribution of protective 
relays then is to help the rest of the power system 
to function as efficiently and as effectively as 
possible in the face of trouble. By minimising the 
damage and localising the disturbance quickly 
when a system fault occurs, protective relaying 
minimises :— 

(a) The cost of repairing the damage to the 

apparatus protected. 


(b) The disruption to consu- 
mers having continuous 
processes, such as chemical 
plants and steel works. 

(c) Loss of revenue to supply 
authorities. 


Accuracy and Performance 

Relays conform generally to 
B.S. 142 in which the quite liberal 
allowable error tolerances are 
5-15°, depending on the type and 
application, but the M.R.I. 
Division works to narrower 
tolerances which, because of im- 
proved designs, are in many cases 
just as easy to achieve. Since the 
British Standard states only in very 
general terms the requirements for 
protective relays, the Division has 
formulated some 40 specific pro- 
duction Testing Instructions which 
embody not only the final allow- 
able error tolerances, but also all the conditions of 
operation and performance. Each instruction gives 
the procedure to be followed to ensure that all the 
essential production tests are covered. 








Fig. 20.—A 21,000 ampere shunt with 75 millivolt 


drop, 30 inches long and weighing 482 pounds 


Final production tests are interrelated with 
assembly and inspection methods. Many pre-tests 
On components are made in or before the final 
assembly stage. All coils for instance are checked 
for the correct number of turns, short-circuited 
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Fig. 21.—The Relay Test 
Department 








turns, and resistance value, before assembly. 
Certain very important coils are subjected to an 
induced over-potential test. The setting of contact 
pressures and gaps is also an important pre-test 
assembly and inspection function. As the per- 
formance-curve shape of some relays can_ be 
affected by variations in the characteristics of the 
lamination steel, it is part of the established 
routine to sample all core steel supplies in order 
to decide what compensations if any are necessary. 

The specialised and varied nature of relay 
production has resulted in the development of 
equally specialised testing equipment, and the 
provision of testing facilities and supplies peculiar 
to this type of work. As an addition to the 
extensive generator facilities, giving many variable 
voltage and frequency supplies, a larger frequency- 
changer set has been installed to provide a source 
of supply solely for testing 60 c/s relays destined 
for the American continent. Fig. 21 shows the 
Relay Test Department, and descriptions follow of 
some of the testing equipment. 


Relay Test Bench 
The test bench shown in Figs. 22 and 23 has been 


Fig, 22.—A bench for testing and calibrating inverse 





time and directional overcurrent relays 
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Fig. 23.—Back view of test bench in Fig. 22 showing 


reactors and matching transformer 


designed for the production testing and 
calibration of inverse time-overcurrent 
relays and directional overcurrent relays. 
It can also be used for calibrating and 
testing differential relays by means of 
additional external apparatus, the main °oo-< 
current source being derived from the 
bench. In general the bench current 
output can be used to test any relay 
where the power requirements do not 
exceed about 1:5 kVA. 

When dealing with induction relays, 
the question of maintaining good current 
wave-form over a wide range of loads is very impor- 
tant if characteristic operating times are to be 
unaffected. The basis of operation of the bench is 
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that by using control impedance of at least six times 
the impedance of the relay, the best compromise is 
obtained between sinusoidal wave-form and mini- 
mum load on the power supply. The wave-form 
for instance over the entire range of plug settings 
and up to twenty times nominal current, contains 
less than 2°, of 3rd harmonic, with lesser values 
of the higher harmonics. Interchangeable toroidally 
wound matching transformers make all relay 
ratings impose the same impedance load on the 
current control circuit. 

When testing a relay (Fig. 24), the load current is 
first built up to the desired value on a short-circuit 
which is maintained across the relay terminals by 
means of a contactor. By push-button control, at 
the instant this short-circuit is cleared and current 
begins to flow in the relay coil, the synchronous 
time-interval meter commences to record the 
operating time. The relay under test, in closing 
its contacts, stops the timing clock and trips out 
the current supply. In the latest forms of bench, 
electronic dekatron counters have been substituted 
for the clock. This semi-automatic testing bench 
affords a quick and accurate means of timing 
relays ; it is extremely versatile and easy to operate. 

The portable counterpart of this test bench is 
now available in the overcurrent testing set shown 
in Fig. 25, which has been specially designed for 
site testing. 


Buchholz Relay Test Rig 


The test rig for Buchholz transformer protection 





v 

















Fig. 24.—Testing circuit for ensuring good wave-form 


relays was developed to reproduce as closely as 
possible the conditions which occur in a trans- 
former cooling-oil system due to a major or 
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Fig. 25.—Portable overcurrent testing set 


incipient fault in the transformer windings. Such 
faults result in turbulence of the oil due to internal 
pressures, and the formation of gas respectively. 
The Buchholz relay is designed and calibrated to 
respond to these conditions. 


Fig. 26.—Testing rig for 
Buchholz transformer protec- 
tion relays 


wa 


The test rig (Figs. 26 and 27) 
consists of two oil storage cylinders 
with interconnecting pipes and 
valves, so arranged that when put 
under pressure by the admission 
of compressed air above oil level 
in the left-hand cylinder, the oil 
flows up and round through the 
orifice tube (selected to suit the 
size of relay), giving the necessary 
differential to the flow meter, and 
thence through the relay being 
tested to the empty right-hand 
cylinder. The compressed-air inlet 
is regulated to build up pressure 
gradually, and this stimulates the 
tate of flow through the relay. 
Removable sections of either | in, 
2 in or 3 in diameter pipe used 
for mounting are interchangeable 
to suit the size of the relay 
undergoing test, and the whole 
rig can be tilted to any angle between 1° and 9°, 
which gives relay positions corresponding to various 
angles in the pipe rising to the conservatot. 

Adjustments are made until the correct trip 
values are obtained under steady flow conditions, 
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Fig. 27.—Diagrammatic arrange- 
ment of the Buchholz relay testing 
rig shown in Fig. 26 








as indicated on the flow meter, 
and these are followed up by 
sudden surge tests, surges being 
created by the quick opening, 
under pressure, of the left-hand air 
operated main valve. The action 
of the top alarm element in 
response to gas accumulation is 
simply tested by admitting air to 
the relay via the top pet cock, 
whilst running off oil from the 
relay to waste. The gas scale is 
calibrated by comparison with the 
oil forced out of the relay under 
pressure and rising in the calibra- 
ted measuring tube. Used com- 
pressed air is occasionally released 
into the exhaust chamber, and as needed the left- 
hand tank is recharged with the oil which has 
accumulated in the right-hand tank, by the 
manipulation of the appropriate valves. 








The air injection test is carried out by the 
application of air under measured pressure to the 
back pet cock provided for this purpose. 


CONCLUSION 


The introduction by The English Electric 


Company of its very comprehensive range of 






























































high-grade meters, relays, and instruments, in- 
volving considerable design and development 
effort, has resulted in a large capital investment 
in testing equipment and plant of which some 
examples have been given in this article. This 
effort and outlay have been justified by the highest 
attainable standards for testing and calibration 
which now exist and are incorporated in a specially 
designed factory combining associated manufactur- 
ing processes and techniques of comparable 
standards, all with the single purpose of producing 
equipment to give reliable and accurate service on 
modern power systems. 














THE ENGLISH ELECTRIC JOURNAL 47 


RECENT *‘ ENGLISH ELECTRIC’ TECHNICAL PAPERS 


ETTINGER, G. M., late of the Mechanical Engin- 
eering Laboratories, Whetstone Works (now Head 
of the Research Group, Marconi Instruments 
Limited). Some aspects of half wave magnetic 
amplifiers. Institution of Electrical Engineers, 
London, 3rd December 1957. 

This paper discusses the operation of the half 
wave type of magnetic amplifier, which has fast 
response but relatively low gain. Single-sided and 
bridge circuits are considered, operation with d.c. 
and reversible phase a.c. inputs is mentioned and 
the effects of finite resistance in the control circuit 
are examined. 

In the half wave circuit, voltages induced in the 
control windings do not cancel out and induced 
currents in the control circuit act to inhibit core 
reset. A reset factor is defined which expresses the 
ratio of current gain with infinite control circuit 
resistance (perfect reset) to the current gain with 
finite control circuit resistance. A method for 
optimising turns ratio or control circuit resistance 
is shown and expressions are developed which lead 
to the conditions for maximum power gain. It is 
suggested that the assumptions of infinitely low, 
or infinitely high, control circuit resistance are 
unrealistic since, for finite ampere-turn gain, they 
imply respectively infinite or zero power gain. 

The work is supplemented by experiments on 
magnetic amplifiers wound on cores of various 
materials. The effect of rectifier reverse resistance 
is shown to be qualitatively similar to that of control 
circuit resistance, and correction factors are 
determined which may be employed to compute 
magnetic amplifier gain with imperfect rectifiers. 
It is shown that rectifier reverse resistance (R,) 
has relatively small effect provided the condition 
R,> 2L is satisfied, where wL is the load circuit 
unsaturated reactance. 

Finally, conductance-controlled magnetic ampli- 
fiers are discussed, and the performance of various 
types of magnetic amplifier bias circuits is con- 
sidered. 


Rizk, W., M.A., Ph.D., A.M.I.Mech.E., Chief 


Engineer, Gas Turbine Department. Experimental 
studies of the mixing processes and flow configur- 
Institution 
of Mechanical Engineers, London, 3lst January 
1958. 

The paper describes work carried out at various 
stages during the period 1944-54 and indicates the 
need for a new approach in the study of the 
scavenging process in two-stroke engines. Its main 
object is to outline various ways of studying the 
basic features of the scavenge flow within the 
cylinder as distinct from the gas dynamics of the 
charging process. By using a special photo-electric 
cell probe in a scale model and determining the 
change in purity of the stream at any point, it was 
possible to examine the basic characteristics of 
scavenging flow and consider the process as taking 
place in broadly three phases. The first of these, 
entailing the formation and development of the 
inlet jets, has been studied in a preliminary way 
with the aid of a colour reacting technique to show 
the mixing region together with the undiluted core 
of a jet starting from rest. This has thrown light 
on the rate of mixing in the initial phases of 
scavenge flow and has indicated the possibility of 
achieving higher efficiencies by a reduction in the 
size of inlet ports and an increase in their number. 
A cinematograph film was shown during the paper, 
illustrating, at reduced speed, the mixing behaviour 
of an impulsive jet. 


ations in two-cycle engine scavenging. 


An experimental study carried out on a loop-type 
system has shown that the flow configuration can 
be substantially different from that usually assumed 
and that flow instabilities could occur leading to 
partial short-circuiting of the flow. Cinemato- 
graph records of the flow demonstrate the formation 
of the major axis or axes of rotation under various 
conditions of porting and also show the effect of 
altering the angles of entry of the jets. Under 
certain conditions an increase in the inlet air flow 
could nullify any gains in scavenging efficiency. 
End-to-end scavenge systems are also discussed, 
indicating the need for further study of certain of 
the major parameters governing this type of flow. 
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CHESHIRE, L. J., O.B.E., M.Sc.Tech., M.I.Mech.E., 
Assistant Chief Engineer, Rugby ; Evans, J. Y. G., 
B.Sc., Principal Scientific Officer, Royal Aircraft 
Establishment, Bedford: GoopsELL, W. A., 
A.M.I.Mech.E., Engineer, Main Grade, Ministry 
of Works, London ; Wotrr, P. H. W., M.A., 
A.M.I.Mech.E., Chief Reactor Engineer, Atomic 
Power Division (late of Gas Turbine Department). 
The design and construction of the compressor for 
the 8 ft x 8 ft high-speed wind tunnel at R.A.E. 
Bedford. Institution of Mechanical Engineers, 
London, 28th February 1958. 

The paper, which is in two parts, deals with the 
steps taken to meet the specified performance and 
conditions of operation of the compressor for the 
8 ft x 8 ft high-speed wind tunnel at the Royal 
Aircraft Establishment (R.A.E.), Bedford. 

The essential requirements were that the com- 
pressor should deliver a quantity differing not 
greatly from 50,000 ft®/s over a range of pressure 
ratio 1-15 to 2-50, an important proviso being that 
special steps must be taken to achieve high efficien- 
cies in the lower range of pressure ratios. 

Part I deals with the reasoning which led to the 
adoption of the final design solutions, and the 
supporting experimental work including the manu- 
facture and testing of a 1/7th scale aerodynamic 
model necessary to establish the performance 
characteristics of the compressor before deciding 
the final blade settings. It was decided to build a ten- 
stage compressor to run at 750 rev/min having a 
first-stage blade tip diameter of 17 ft with a blade 
2 ft 6in long. In order to meet the requirement of 
good efficiency over the whole working range, the 
compressor was divided into two parts, so that 
under low pressure ratio conditions only the first 
four stages are in the circuit, the change from 10 
Stage to 4 stage operation and vice versa taking 
place in under twenty minutes. 

Part II describes the mechanical features and 
manufacturing processes following from the design 
decisions given in Part I. 


SMART, D. L., B.Sc.Tech., A.M.I.E.E., late Chief 


Rectifier Development Engineer (now with the 
Atomic Energy Authority), and WEAvER, J. J. L., 
A.M.I.E.E., Senior Engineer-in-Charge of Rectifier 
Development Laboratory. The use of steel-tank 
mercury-arc inverters for generating medium fre- 


quencies for induction heating. Institution of 
Electrical Engineers, London, 13th March 1958. 

The paper presents in a non-mathematical way a 
general survey of the circuit operation and construc- 
tion of 6-anode steel-tank mercury-arc inverters for 
the conversion of mains-frequency power to 
frequencies in the region of | to 2 ke/s with power 
Outputs up to 250 kW. 

The basic operation of the simple bi-phase 
inverter circuit is described, showing the flow of 
power from the d.c. supply to the a.c. tuned 
output circuit with the fundamental component of 
alternating current leading the voltage under the 
influence of the necessary grid control. 

A practical inverter consisting of three bi-phase 
circuits combined with a 6-anode steel-tank valve 
and fed from a three-phase 50 cycle supply is 
described, including the problem of starting 
inversion without modifying or previously exciting 
the tuned output circuit. 

The inverter valve, operating at a cathode 
current of up to 80 amp and a peak inverse anode 
voltage of 30 kV, was developed from an earlier 
satisfactory design of high-voltage rectifier for 
broadcast transmitter power supply by improving 
the rate of deionisation at the control grids to 
permit operation at higher frequencies. 

The addition of a self protecting, practically 
static, vacuum pumping arrangement has enabled 
this performance to be maintained indefinitely. 

The maximum power obtainable falls from about 
250 kW at | ke/s to about 100 kW at 2 kc/s. 

The main circuit components are reviewed, as 
are the electronic control circuits required for 
starting the inverter and controlling manually or 
automatically the output frequency and voltage. 

Two installations, one of 200 kW for tube end 
heating and one of 100 kW for melting high grade 
aircraft steels, are described. 


Git, H.A., A.M.I.Mech.E.,  A.M.I.Mar.E., 
A.M.I.N.A., Technical Service Manager, Diesel 
Engine Division, and Smit, J. M., B.Sc., 
A.M.I.Mech.E., M.I.Mar.E. (late Chief Engineer, 
Diesel Engine Division). Fuels and _ injection 
equipment for traction diesel engines. Institution 
of Locomotive Engineers, London, 19th March 
1958. 
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The paper opens with a section on the desirable 
characteristics of diesel engine fuels and analyses 
the various types of fuels actually available in the 
different parts of the world. Attention is drawn 
to fuel classifications and British Standard Specifi- 
cations. In this section the various fuel constituents 
and their effect on engine performance are discussed 
in some detail. 

Typical fuel injection equipments are described 
and a number of the more important features 
affecting the efficiency of engine operation in the 
traction field, as compared with industrial applica- 
tion, are high-lighted. 

The paper also contains some very practical 
notes, drawn from experience, on fuel handling 
installations and the servicing and maintenance of 
the injection equipment. 

Throughout the paper many references are 
made to future trends in diesel fuel technology, 
particularly in connection with the development 
of heavy fuels for traction work. In the U.S.A. 
a good deal of work in this sphere has been going 
on during the past few years, and during their 
tour of the States in 1957 the authors generally 
investigated these researches and applications, and 
in their paper describe some of this work and its 


possible application in the future to the traction 
field in Great Britain. 


JAEGER, C., Dr. és Sc.tech., Consulting Engineer 
to the Hydraulic Department, Dériaz, P. E., 
Dipl.Mech.Eng., Chief Designer, Hydraulic 
Department, and Gray, J. M., Water Turbine 
Department. Contributions to book Hydro- 
electric Engineering Practice edited by J. Guthrie 
Brown (Blackie & Son Limited). 


This book is published in three volumes devoted 
to (1) Civil engineering (2) Mechanical and 
electrical engineering (3) Economics, operation 
and maintenance. The majority of the contribu- 
tors are engineers actively engaged on hydro- 
electric design and construction in Great Britain 
and overseas. 

The ‘ English Electric’ contributions are on :— 
Arch dams, water hammer, underground 
power stations, and theory of turbine govern- 
ing, by Dr. Charles Jaeger. 

Water turbines—general characteristics, and 
Francis turbines, by P. E. Dériaz. 

Pelton wheels, hydraulic turbines—testing of 
water turbines and water flow measurements 
by J. M. Gray. 
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